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INTRODUCTION 
The cost of feed accounts for at least two-thirds of the total cost 
of producing eggs. Any improvement in the efficiency of feed utilization 
for the production of eggs by selective breeding would benefit the egg 
industry. 
Primary poultry breeders have improved efficiency of egg production 
by reducing body size, increasing total egg mass output, and improving 
viability. Incorporating information on feed consumption into a breed­
ing program to further enhance efficiency of egg production has not been 
done commercially because of the additional expense involved in collect­
ing individual feed records on a large number of birds. 
The additional genetic gain in feed efficiency attributable to 
including information on feed consumption can be assessed in two ways. 
First, if there is a genetic basis for the residual component of variation 
in feed consumption remaining after statistical adjustment for body 
weight and egg mass, feed efficiency can be enhanced by taking into 
account feed consumption. Secondly, information on feed consumption, 
body weigfit, and total egg mass output can be included in a selection 
index to predict the genetic gain in profitability, measured as income 
over feed costs. Comparing the predicted genetic gain in income over 
feed costs for different selection indexes with and without input from 
feed consumption on all or a selected fraction of all individuals will 
demonstrate the economic value of incorporating feed consumption data 
into a breeding program. 
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The purpose of this study was to estimate the heritability of the 
residual component of feed consumption and to compare the relative 
efficiencies of different selection indexes using records on individual 
feed consumption collected over a four year period at Iowa State 
University. 
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REVIEW OF LITERATURE 
Measurement of Efficiency of Egg Production 
Webster's Seventh New Collegiate Dictionary defines efficiency to be 
"effective operation" as measured by a comparison of production with cost 
(as in time, energy, or money). With respect to the egg industry then, 
an adequate measure of feed efficinecy must integrate a suitable measure 
of production cost of eggs with income from a laying flock. 
Typically, production figures from a commercial egg laying operation 
deal with total eggs produced or feed consumption per dozen eggs produced. 
However, both measures neglect egg size which is obviously economically 
important. North (1980) concluded that egg mass is a good index of both 
efficiency and profit. The formula he used was M = (P x W)/100, where 
P is percent hen-day egg production, W is average egg weight, and M is 
average egg mass per hen per day. The average daily egg mass for a hen 
producing 27 ounces per dozen eggs at 65 percent hen-day egg production 
is equivalent to that of a hen producing 25 ounces per dozen eggs 
at 70 percent hen-day egg production. Furthermore, if the average weight 
of all eggs produced in a year by a hen is 25.45 ounces per dozen and 
the average sales price is 50 cents per dozen, the annual value of all 
eggs produced by one hen increases 70 cents for each one-tenth ounce 
increase in daily egg mass. Studies made over a 52 week production 
period in a commercial flock show that daily egg mass tends to be lowest 
during the first weeks, reaches a maximum during the 15th and 16th week, 
and then declines throughout the rest of the year. 
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Information on daily egg mass is useful in comparing performance of 
different strains or feeding and management regimes. Furthermore, level 
of egg mass production is directly related to income and is an important 
component of efficiency of egg production. Because feed accounts for 
at least two-thirds of the cost of production of eggs, it also repre­
sents an important component of efficiency of egg production. 
Harris (1969) proposed using the ratio of egg mass to feed consump­
tion (EM/FC) as a measure of efficiency of egg production in genetic 
studies. After two generations, a line selected on EM/FC was Signifi­
cantly more efficient than a randombred control line. In the selected 
line, body weight was reduced, but egg size and number remained unchanged. 
Hence, efficiency was enhanced by reducing the amount of feed required 
for maintenance of body weight. 
In the absence of individual feed consumption data, Nordskog et al. 
(1969) suggested using the ratio of feed for production (fp) to feed 
for maintenance (fw) as a measure of feed efficiency. Partial regres­
sion coefficients of feed consumption on egg mass and body weight were 
used as indicators of feed required for production (P') and feed required 
for maintenance (W). Data from two experiments designed to study the 
effects of strains and diets and strain by diet interaction were used 
to compare two estimators of feed efficiency, E^ = P'/W (an indirect 
index of feed efficiency) and E^ = (F - W')/(F - P') (a direct index of 
feed efficiency) where F represents feed consumption. Statistically, 
the estimator with minimum variance (error mean square) is preferred. 
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2 2 For experiment 1, the ratio o^/o^ was .85 (not significantly different 
from 1), but for experiment 2, the ratio was .29, which was significantly 
different from 1 (P < .01). If feed efficiency can be validly defined 
as fp/fw in experiments, the measurement of feed consumption may not be 
necessary for comparisons of strain and diet differences. 
Whenever a trait is defined as the ratio of two variables (i.e., 
ratio of egg mass to feed consumption or body weight), both the numerator 
and denominator are correlated with the ratio. Sutherland (1965) pre­
sented formulas for prediction of the correlation between a ratio and 
its denominator in terms of the correlation between numerator and 
denominator and the coefficients of variation of the two variables. 
Koch ^  (1963) proposed that the deviation of an individual's gain 
from the regression of gain on feed might be an alternative measure of 
an animal's feed efficiency. In this case, however, two animals with 
different gains would be judged equally efficient if their deviations 
are equal. In reality, one animal may be more desirable as a breeder 
because of its growth characteristics or profitability. Thus, efficiency, 
expressed as a ratio or deviation from regression, is not a wholly 
satisfactory selection criteria in a breeding program. 
In random sample tests conducted in the United States, income over 
feed and chick costs has been used to compare the relative efficiency of 
various commercial strains. It may be thought of as a performance 
index which weights the traits according to their relative economic 
importance and then consolidates the information into a single index 
number. 
6 
Lee and Nordskog (1975) compared a performance index (16) using net 
income as the dependent variable and egg rate, egg weight, body weight, 
mortality, maturity, and feed consumption as independent variables with 
a second performance index (15) in which feed consumption was ignored. 
The dependent variables in 16 accounted for 67.16 percent of the varia­
tion in net income for data from U.S. random sample tests and 68.05 per­
cent for data from experimental commercial crosses provided by a 
Japanese hatchery (Goto of Gifu City). However, the dependent variables 
in 15 accounted for 66.89 percent of the variation in net income in the 
U.S. data and 67.62 percent in the Goto data. Moreover, feed consumption 
accounted for only 0.77 percent of the variation in net income in the 
U.S. data and 1.00 percent in the Goto data. These results would 
suggest that the additional work required to individually measure feed 
consumption contributes very little in strengthening the prediction of 
net income. Furthermore, it was shown that an efficiency index, defined 
as the ratio of egg mass output to the 3/4 power of body weight, pre­
dicts net income almost as well as a multiple regression index. 
In a breeding program, income over feed costs is a useful measure 
of efficiency of egg production because it is a linear function of 
income and cost related traits. Knowledge of the inheritance and rela­
tive economic importance of these traits can be used to construct a 
selection index. Selection on the basis of index values of each indi­
vidual will maximize genetic gain in income over feed costs. 
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Factors Affecting Feed Efficiency 
Feed efficiency is influenced by a variety of factors including 
carcass composition, metabolic rate, bird activity, feather cover, 
nutrition, temperature, disease, genetics, rate of lay, egg weight, body 
weight, feeding behavior, air movement, and type of housing. 
Nordskog e;t (1972) examined data from a long term selection 
experiment to determine the relationship of rate of lay, body size, 
and egg size with feed efficiency. Evidently, selection for high rate 
of lay increased efficiency by 1/2 egg per kilogram of feed, but selec­
tion for large or small egg size had no consistent effect on efficiency. 
On the other hand, selection for small body size increased efficiency by 
one egg per kilogram of feed, but selection for large body size reduced 
efficiency by 2 eggs per kilogram of feed. Because small-bodied chick­
ens tend to lay small eggs, which in most world markets are discounted, 
an intermediate body size could be optimum. Furthermore, feed efficiency 
has probably increased in the past 20 to 30 years as a consequence of 
selection for increased number of eggs, 
Morrison and Leeson (1979) studied the relationship between feed 
efficiency and carcass composition, metabolic rate, ability to metabolize 
dietary energy, bird activity, and feather cover. One hundred indi­
vidually caged Single Comb White Leghorn laying hens were classified as 
efficient (E), intermediate (I), and inefficient (N) on the basis of a 
preliminary feeding trial. Hens classified as efficient were smaller, 
consumed less feed per gram of egg mass and were lighter than intermediate 
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and inefficient hens. In addition, hens in the E class had significantly 
higher percent carcass protein and lower percent carcass fat than I and N 
birds when classified by feed efficiency only. However, when 16 birds 
from each group with the same egg weight were compared, there were no 
group differences in carcass composition. 
Under conditions of ad libitum feeding or fasting, I birds produced 
significantly more heat per unit of metabolic body size t'lan E birds. On 
the other hand, there were no significant differences in the ability of 
efficient or inefficient birds to metabolize energy. Efficient birds 
were less active and spent less time eating than did inefficient birds 
(3.85 hours resting/14 hour day versus 2.08 and 2.79 hours eating/14 hour 
day versus 3.18); however, variability was large and differences were 
not significant. In a sample of 6 E and 6 I birds with comparable body 
weinht, egg weight, and egg production, efficient birds had significantly 
more feathers than did inefficient birds but feather cover in the two 
groups was commensurable. Thus, heat production per unit of metabolic 
body size and feather cover appear to be important considerations with 
respect to feed efficiency. 
Use of Individual Feed Consumption Data in 
Breeding for Efficiency of Egg Production 
Von Krosigk and Pirchner (1964) presented a genetic study on feed 
consumption of adult laying hens at the British Poultry Breeders' 
Roundtable in England. They estimated that the heritability of feed 
consumption was 0.15 from data on 545 cross-line pullets from two Single 
9 
Comb White Leghorn lines. They reported genetic correlations of feed 
consumption with body weight and egg mass of 0.62 and 0.24 respectively. 
Their estimate of the heritability of feed efficiency (g feed per g egg 
mass) was 0.16. 
Bordas and Merat (1974) individually fed laying hens from three 
different populations between 1967 and 1973 for three successive 28 day 
periods. The ratios of between family to within family variance for the 
three populations were 0.123, 0.334, and 0.113 for observed feed con­
sumption and 0.117, 0.191, and 0.100 for feed consumption adjusted for 
egg mass and pre and post body weight. Therefore, genetic variance for 
observed and adjusted feed consumption exists. Phenotypic correlations 
between adjusted feed consumption and 8 week body weight, change in 
body weight from 8 to 10 weeks, age at first egg, 10 month egg weight, 
egg number from first egg to 10 months, and shell thickness were not 
significantly different from zero. However, the phenotypic correlations 
between adjusted feed consumption and water consumption (0.30), wattle 
length (0.19) and shank length (0.13) were significantly (P < 0.01) 
different from zero. The authors suggested that selection 
for small appendages or low water consumption would improve feed 
efficiency. 
Lohmann and Company (LSL Information 3/78) presented preliminary 
results of a selection experiment for feed efficiency using experimental 
commercial lines. Strain crosses of lines selected on feed conversion 
(FV) from 21 to 40 weeks of age exhibited better feed conversion (2.29 
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kg feed/kg egg mass versus 2.36) than strain crosses from lines selected 
for high egg mass (EM) from 21 to 40 weeks of age. Rate of lay per hen 
housed, egg weight, egg mass per hen-housed per day, body weight, and 
daily feed consumption were greater in EM than FV. More importantly, 
egg income minus feed costs was 0.17 DM higher (6.92 versus 6.75) in the 
EM crosses. Evidently, feed conversion can be improved by selection, 
but feed conversion itself is not a desirable selection criterion to 
increase profitability of an egg laying flock. 
Arboleda et |Q_. (1976a) compared the relative efficiencies of four 
different selection indexes to determine the feasibility of utilizing 
supplemental information on feed consumption to increase income over 
feed costs. The first index (1^) required information on body weight, 
egg mass, and feed consumption and maximized income over feed costs. 
The second and third indexes (Ig and Ig) required information on body 
weight and egg mass and maximized income over feed costs. Supplemental 
a priori information on the genetic correlations between feed consumption 
and body weight and feed consumption and egg mass was required for Ig. 
On the other hand, index Ig required estimates of partial phenotypic 
regressions of feed consumption on egg mass and body weight. The fourth 
index (I^) maximized net income and required information on body weight 
and egg mass. The theoretical expected gain in income over feed costs 
(AH) for the four different indexes with different combinations of 
hypothetical values for the heritability of egg mass and residual feed 
consumption and the genetic correlation of body weight and egg mass 
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were presented. If the heritability of residual feed consumption vvas 
assumed zero, the expected gains from indexes 1, 2, and 3 are equal but 
larger than the expected gain from index 4 for all possible combinations 
of parameters. However, if the heritability of residual feed consumption 
was assumed to be 0.2, AH(Ij^) > [AHClg) = AH(Ig)] > AH(I^) for each 
possible combination of the other parameters. When the hypothetical 
heritability of egg mass was increased from 0.05 to 0.15, AH increased 
for each combination of parameters for all four indexes. All four 
indexes declined in AH when the assumed genetic correlation between body 
weight and egg mass was changed from -0.2 to 0.2 to 0.6 for each possible 
combination of other parameters. Thus, if the heritability of residual 
feed consumption is not equal to zero, using information on feed consump­
tion in a selection index should increase income over feed costs over the 
range of parameters used in this study. 
Arboleda et (1976b) individually fed a total of 1838 Single 
Comb White Leghorn pullets from two partially inbred lines and their 
reciprocal crosses for two 4-week periods separated by an 8-week interval. 
The cost of an individual feed consumption record per bird per month for 
2000 pullets was estimated to be 32 cents. The residual component of feed 
consumption was defined as the difference between the total feed consumed 
and that used for egg mass output and body maintenance. Multiple regres­
sion analysis showed that the residual component of feed consumption 
accounted for 49 to 50.3 percent of the total sum of squares for feed 
consumption in the different lines and crosses. The heritability 
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estimate of the residual component of feed consumption was 0.01 + 0.00 
from the sire component of variance and 0.29 + 0.21 from the dam component 
of variance. The genetic correlations of the residual component of feed 
consumption with body weight and egg mass from the sire component of 
variance and covariance were 0.27 and -0.41. 
Heritability estimates from the sire component of variance for body 
weight, egg mass, and feed consumption were 0.68 + 0.18, 0.06 + 0.05, 
and 0.20 ± 0.10, respectively. Estimates from the dam component of 
variance for the same three traits were 0.66 + 0.18, 0.28 + 0.12, and 
0.47 + 0.15. Genetic correlations estimated from the sire component 
of variance and covariance were 0.60 for body with feed consumption, and 
0.43 for egg mass with feed consumption. The relative economic values 
for body weight, egg mass, and feed consumption used in constructing 
selection indexes were 2.38, 7.25, and 1 cents. The phenotypic standard 
deviations used in different selection indexes were 172, 3354, and 4917 
for body weight, egg mass, and feed consumption. The phenotypic partial 
regression coefficients of feed consumption on body weight and egg mass 
were 12.01 and 0.69. 
The above parameter estimates were used in constructing the four 
different selection indexes previously described from a companion paper. 
Including either genetic correlations of feed consumption with body 
weight and egg mass (12) or phenotypic partial regression coefficients of 
feed consumption on body weight and mass (13) in a selection index 
increased expected gain in income over feed costs by 3 percent as compared 
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to a selection index (14) with input from body weight and egg mass. 
However, including feed consumption, egg mass, and body weight in a 
selection index (II) improved expected gain in income over feed costs by 9 
percent compared to index 14. Because of an outbreak of Marek's disease 
fn the test populations and because of a rather limited sample size 
authors thought that this study should be repeated. 
Nagger and Abplanalp (1978) individually fed 2014 laying hens from 
three populations of Single Comb White Leghorns; 753 from HEW (high 
egg weight) line between the years 1967-1970, 1261 from HEW between 1971-
1975, and 963 from LEW (low egg weight line) between the 1967-1970 period. 
Individual feed records were taken at 20-40 weeks of age and 40-60 weeks 
of age by adding 300 grams of feed at 2 to 4 day intervals as needed. 
The LEW line produced more small eggs and less total egg mass, matured 
earlier, weighed less, consumed less feed and exhibited poorer feed conver­
sion than the HEW line. The residual component of feed consumption, de­
fined as the difference between actual feed consumption and feed consump­
tion predicted from phenotypic partial regression coefficients for egg 
mass, average body weight, age at first egg, and weight gain during the 
early and late production periods, accounted for 31.6 percent of the total 
variation in feed consumption in HEW (1967-70), 28.2 percent in HEW 
(1971-75), and 38 percent in LEW during the first feeding period (20-40 
weeks). For the feeding period from 40-60 weeks, the residual component 
of feed consumption accounted for 48.4 percent of the total variation in 
feed consumption in HEW (1967-70), 38 percent in HEW (1971-75), and 47.8 
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percent in LEW. The heritability of the residual component ranged from 
0.50 + 0.11 in HEW (1971-75) to 0.64 + 0.15 in LEW for the first feeding 
period and 0.22 + 0.08 in HEW (1971-75) to 0.64 + 0.15 for the second 
feeding period. 
Heritability estimates for body weight from the first period ranged 
from 0.67 to 0.93 and from 0.29 to 0.58 for the second period. Egg 
mass heritability estimates ranged from 0.35 to 0.45 for the first period 
and 0.14 to 0.49 for the second period. Estimates of the heritability 
of feed consumption ranged from 0.47 to 0.79 for the first period. In 
general, the genetic and phenotypic correlations between body weight and 
egg mass were low positive or low negative. On the other hand, feed 
consumption and body weight and feed consumption and egg mass were 
moderately to highly positively correlated both genetically and 
phenotypically. 
Ten different selection indexes which use information relevant to 
genetic improvement of income over feed costs were also investigated. 
In HEW (1967-70), HEW (1971-75), and LEW, a selection index (II) with 
input from age at first egg, average of 20 and 40 week body weight, 
body weight gain, egg mass from 20 to 40 weeks, body weight at 60 weeks, 
egg mass from 40 to 60 weeks, and feed consumption from 40 to 60 weeks 
had the largest total genetic gain in income over feed costs. Omitting 
information on feed consumption from both periods resulted in a very 
small reduction in total genetic gain. In the LEW and HEW (1971-75) 
lines, deleting information from the second period on all traits reduced 
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total genetic gain by one fourth; however, only a slight reduction was 
noted in HEW (1967-70). Total genetic gain was higher in an index which 
contained information on body weight, egg mass, and feed consumption 
from the first period than in indexes with input from egg mass only or 
egg mass and body weight or egg mass and feed consumption or egg mass and 
body weight, with feed consumption restricted to zero genetic change. 
For index II, the traits which served as indicator traits (i.e., 
with economic values of zero) tended to be weighted inconsistently from 
population to population, while traits of economic importance tended to 
be more consistent. In general, index selection is expected to reduce 
age at sexual maturity, increase egg size and body weight in LEW, 
decrease egg size and body weight in HEW, increase egg mass, and increase 
feed consumption except in HEW (1971-75). Selection indexes with infor­
mation only from the first period placed heavy emphasis on improvement in 
the first period, presumably because of reducing age at first egg. 
Including information from the second period increased total genetic 
gains from 14 to 46 percent over selection on egg mass of the early 
period. 
Results of the Nagger and Abplanalp (1978) suggest that little is to 
be gained by measuring feed consumption if reliable estimates of genetic 
correlations are available to construct a reduced index. By using pooled 
estimates of genetic variances and covariances in conjunction with the 
appropriate phenotypic variances and covariances for the three popula­
tions, the difference in total genetic gain was 20 percent in HEW for 
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1971-75 and about 5 percent in the other populations. Thus, even biased 
genetic parameters may not prevent genetic gains. Because the genetic 
correlations between feed consumption in the two periods were 0.95, 0.60, 
and 0.93, feed consumption measured during the first period may be ade­
quate and certainly it would be more practical. 
Application of Restricted Index Selection to Feed Efficiency 
An alternative approach in selecting for feed efficiency is to use 
a restricted selection index. Eisen (1977) attempted to change feed 
efficiency by maximizing the genetic change in postweaning gain from 3 
to 6 weeks of age in mice while restricting the genetic change in feed 
consumption to zero. Based on a restricted selection index, I = G -
.067F where G and F are postweaning gain and feed consumption from 3 to 
6 weeks, three lines (I^ selected to increase postweaning gain, I" 
selected to decrease postweaning gain, and C a randombred control line) 
were involved in a 10 generation selection experiment. 
No significant trends for the index or its components were noted in 
C. However, the direct responses in the restricted index and the corre­
lated responses in postweaning gain were significant in both and I 
in the intended direction. Feed intake did not change appreciably 
until the genetic change in postweaning gain had reached about one 
phenotypic standard deviation, at which time the change in feed consump­
tion followed the direction of response in postweaning gain. Positive 
and negative significant correlated responses for feed efficiency were 
noted for and I", respectively. Significant trends in line C and I 
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for fitness traits could not be detected. On the other hand, percent 
fertile matings decreased significantly in line and days from initia­
tion of cohabitation to parturition increased significantly, but litter 
size remained unchanged. Thus, the results from this bi-directional 
selection experiment using restricted selection indexes are in reasonable 
agreement with theoretical expectations. Cunningham (1969b) pointed 
out that restricted selected indexes should be recalculated at frequent 
intervals to insure zero genetic change in the trait to be restricted. 
A restricted selection index evidently is a potentially useful tool for 
improving feed efficiency. 
Selection for Feed Efficiency in Broilers 
To date, the most extensive selection experiment involving feed 
efficiency in chickens is a study by Pym and Nicholls (1979) which was 
focused on feed conversion in broilers. The four populations used in 
this 5-generation study were line W selected for high 5 to 9 week 
body weight, line E selected on low 5 to 9 week feed conversion, line 
F selected for high 5 to 9 week feed consumption and line C, a randomly 
selected control line. 
Feed conversion was reduced in lines W and E compared to the control 
line. Weight-gain, expressed as the deviation from line C, increased in 
lines W, E, and F, with the largest increase in W. Feed consumption in 
line E was comparable to the control, but in lines W and F was higher 
than the control. The response in feed conversion apparently reached a 
plateau in line E after generation 3. Both feed consumption and body 
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weight in line E, measured as deviations from the control, remained 
unchanged after generation 3. Realized heritability estimates were 0.37 
+ 0.04 for weight gain, 0.44 + 0.05 for feed consumption, and 0.21 + 0.04 
for feed conversion. Realized genetic correlations of feed conversion 
with 5 and 9 week body weight and 5 to 9 week weight gain were negative 
(-0.05 + 0.08, -0.65 + 0.04, and -0.40 + 0.09, respectively) while feed 
conversion and feed consumption were positively correlated genetically 
(0.24 + 0.09). The authors concluded that combined selection for 
body weight and feed efficinecy to maximize economic response should 
be considered. 
Carcass composition eveluations from generations 3-5 in the four 
lines previously described were presented by Pym and Solvyns (1979). 
After five generations of selection the proportions of carcass water 
(678 g/kg) and protein (187 g/kg) were highest in line E and lowest 
(636 g/kg and 134 g/kg, respectively) in line F, whereas the proportion 
of fat was lowest (83 g/kg) in line E and highest (134 g/kg) in line F. 
On the other hand, lines W and C were similar and intermediate to lines 
E and F for all carcass measurements. Females had more fat (115 versus 
98 g/kg), less protein (177 versus 190 g/kg), and less water (652 versus 
665 g/kg) than males. If birds were killed at equal weight rather than 
at equal age, the line differences in carcass composition did not change 
appreciably. 
Pym and James (1979), in the third part of this study, considered 
the consequences of selection on 9 week-old body weight alone (BW), on 
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a selection index, which combines BW with individual feed consumption 
from 5 to 9 weeks, and on a selection index, Ig, which combines BW with 
sire family average feed consumption. For I2, a sire family consisted 
of 90 progeny (3 from each of 3 hatches of 10 dams mated to the sire). 
Genetic and phenotypic parameters from three sources, (1) base population 
estimates (Pym and Nicholls, 1979), (2) realized estimates (Pym and 
Nicholls, 1978), and (3) estimates typical of other published values, 
were considered. The economic values used were .06 cents per gram of 
body weight and -.02 cents per gram of feed consumed. For one standard 
deviation of selection, the expected total genetic gain was 13 to 33 
percent higher for than for BW and 1 to 2 percent higher for Ig than 
for BW. 
In addition, ten combinations of parameters were used to determine 
the effect on the indexes of altering genetic and phenotypic parameters. 
Selection on Ig was negligibly superior to selection on BW inrall cases. 
However, as the genetic and phenotypic correlation of body weight and 
feed consumption decreases, the relative effectiveness of Ig should 
increase. The relative superiority of selecting on over BW ranged 
from 10 to 68 percent depending on the parameters. The relative 
effectiveness of selection on versus BW increased with increase in 
the heritability of feed consumption but was not influenced by arbitrarily 
varying the genetic and phenotypic correlation between feed consumption 
and body weight. Apparently, the use of sire-family feed consumption 
means adds very little to expected economic gains. However, information 
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of individual feed consumption, though very costly to obtain, should 
enhance economic gains over selection on body weight alone. 
Influence of Single Genes on Efficiency of Egg Production 
Several studies have been conducted to ascertain the effect of 
single genes on feed efficiency and its components. Merat and Bordas 
(1979) measured individual feed consumption from 8 to 11 months of age 
for three 28-day periods on 159 pairs of sibs at normal temperatures 
(27°C minimum and 28°C maximum, mean = 20°C) and on 43 pairs of sibs at 
high temperatures (27°C during 10-h dark period and 34°C during 14-h 
light period). Each pair of sibs consisted of a hen which was pheno-
typically pea comb (Pp) and a full- or a half-sister which was pheno-
typically single comb (pp). Feed efficiency was measured as residual 
feed intake (R) = FC - (b^/fT + bg AW + b^EM) or corrected feed intake 
(R') = FC - (bjAT + bgEM). The b's represented partial regression 
coefficients of feed consumption (FC) on body weight to the one-half 
power (v4T), body weight change (AW), and egg mass (EM). At normal 
temperature, R was significantly higher and egg size was significantly 
smaller in hens that lacked the pea comb gene. At high temperature R, 
R', and feed consumption were significantly higher in single comb hens. 
Furthermore, the pea comb gene, in addition to modifying comb 
moroholoqv and reducing comb size, decreased wattle size by 13 mm on the 
average. Moreover, a reduction of the surface area of these appendages 
would be expected to proportionally reduce heat loss and, in turn, reduce 
the energy required to maintain body temperature. 
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Merat ^  (1979) investigated the relationship of genes which 
suppress melanin pigmentation in feathers and feed efficiency and its 
components. Individual feed consumption was measured from 8 to 11 
months of age for three 28-day periods on 103 pairs of sibs with differ­
ent genotypes at the I locus and 87 pairs of sibs with different geno­
types at the S locus. An li^ female (absence of black) was paired with 
a full- or half-sister which was i^i* (presence of black). An S female 
(sex linked absence of red) was paired with a full- or half-sister of 
genotype s^ (sex linked presence of red). With respect to the dominant 
gene, i^i^ hens consumed significantly more feed and had significantly 
higher values for R and R' (defined in previous paragraph) than their 
li^ sisters. On the other hand, S hens gained significantly more weight 
4- + + during the feeding trial than their s sisters. In addition, i i 
chickens had significantly more feather deterioration and loss than did 
the li^ contemporaries. However, in 75 pairs of deteriorated:non-
deteriorated hens, R was 2.6% higher (P < .02) in deteriorated indi­
vidual. Thus, feather deterioration and loss accounted for only a small 
part of the observed differences. 
The effect of the sex-linked dwarfing gene on efficiency of feed 
utilization for egg production has been investigated by several research­
ers. Bernier and Arscott (1972) reported that dwarf layers were smaller 
(2.87 versus 4.46 lbs), matured one week later, produced fewer smaller 
eggs and consumed less feed than their normal sized sisters. When feed 
consumption was expressed on a per dozen eggs or per dozen 24 ounce eggs 
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basis, dwarfs required 79 and 88% as much feed, respectively, as their 
normal sisters. 
French and Nordskog (1973) reciprocally crossed a large body line 
(B) and a small body line (C) of Leghorns with a homozygous dwarf line 
(D) and studied various performance traits. Two years of data indicated 
that the dwarf gene reduced body size about 30 percent, decreased egg 
weight 8 percent, delayed sexual maturity by one week, and depressed egg 
production by about 5 percent. The dwarf cross (Dcf x BÎ) and a small-
bodied cross (C X D) had about the same body weight (1.7 kg versus 1.5 kg), 
however, the dwarf pullets laid 11 percent fewer eggs and produced 12 
percent less egg mass per unit of feed consumed (.38 versus .43 g feed/ 
g egg mass) than the normals. Furthermore, the "polygene mini-hens" 
(CC) and the "dwarf mini-hen" (DC) were nearly equal in feed efficiency. 
On the other hand, introducing the dwarf gene in line D enhanced feed 
efficiency (.38 for dwards versus .26 and .33 for normals) and reduced 
feed consumption and body weight. Thus, insertion of the dward gene into 
large bodied chickens improved feed efficiency by reducing the feed 
required for maintenance. However, conventional selection for small 
body size would be as effective in improving feed efficiency, but would 
require about 7 generations of selection to reach the equivalent size of 
dwarf mini-layers. 
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METHODS AND MATERIALS 
Flock History 
Two populations of Single Comb White Leghorns, referred to hence­
forth as Q and R, were used in this study. The former are descendents 
of three lines of Leghorns, A, D, and G, discussed by Nordskog et al. 
(1974). Lines A, D, and G had been selected for 10 generations on high 
rate of lay, high egg weight, and low body weight high egg weight, 
respectively. Foundation matings consisted of D x A and G x A, The R 
population, formed by crossing lines SI and S2, were obtained from Hy 
Line Incorporated, Des Moines, Iowa. Each of these lines segregated 
for four B blood group alleles including B21. 
In 1969, the Q population was subdivided into three lines, Ql, Q2, 
and Q3. Line Ql was selected on high rate of lay from first egg to 32 
weeks of age. Lines Q2 and Q3 were selected on the basis of high ratio 
of egg weight to body weight at 32 weeks of age and high ratio of egg 
mass to body weight at 32 weeks of age, respectively. In the Q lines, 
each of 12 male breeders was mated to two full-sibs, two half-sibs, and 
four non-sibs. 
In 1970, the R population was subdivided into four lines: Line R1 
selected on high rate of lay from first egg to 32 weeks of age. Line R2 
selected on high ratio of egg weight to body weight at 32 weeks of age. 
Line R3 selected on high ratio of egg mass to body weight at 32 weeks 
of age, and Line R4, an unselected control line. For each of the six 
selected lines, an Osborne index with input from sire family mean, dam 
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family mean, and individual performance was used to select the breeders. 
Each of 12 male breeders was mated to two full-sibs, two half-sibs, and 
two non-sibs. The experiment was terminated in 1976 after 7 generations 
of selection in Q and 6 generations of selection in R. In 1976 
inbreeding per line averaged 17.6%. 
In 1977 two new lines, A and B, were formed within the Q population, 
and two new lines, C and D, were formed within the R population. Lines 
A and C were selected on a high ratio of egg mass to body weight at 32 
weeks of age and lines B and D were selected on a high ratio of egg mass 
to feed consumption at 32 weeks of age. Lines A and B were crossline 
progeny from reciprocal matings among lines Ql, Q2, and Q3. Lines C and 
D were crossline progeny from reciprocal matings among lines Rl, R2, R3, 
and R4. Each of 20 male breeders were mated to 5 unrelated females to 
form each new line. 
In 1978, six sublines were formed from lines A and B in the Q 
population and six sublines were formed from lines C and D in the R 
population. Two selection indexes, 
IJ = 190BW + 2EM - FC 
and 
I2 = 190BW + EM 
were used as selection criteria, where 
BW = body weight at 32 weeks in pounds, 
EM = daily egg mass in grams from 30-34 weeks of age, 
FC = daily feed consumption in grams from 30-34 weeks of age. 
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Three sublines. Al and A2 selected on high values for index and 
a control line A3 with zero selection differential, were formed from 
line A. Line B was subdivided into replicates B1 and 82, selected for 
high index values of index I2, and a control line 83. In line C, 
replicates CI and C2 were selected on high values of index 1^, and in 
line D, replicates 01 and 02 were selected on high values of index 2. 
Sublines C3 and 03 were unselected controls. In each line, 8 sires were 
randomly mated to 6 dams with the restriction that full- and half-sib 
matings were avoided. In 1979 the selection criteria and mating plan 
in the 12 lines were the same as in 1978. In 1977-1979 sires were 
selected on sire family means of their full- and half-sisters. Oams 
were selected on sire family means with some emphasis on individual 
performance. The number of progeny per line per year with complete 
records through the first feeding period used in subsequent analysis 
appear in Tables la and lb for Q and R. 
Incubation, Brooding, and Rearing 
Pedigreed hatching eggs, saved over a two week period, were stored 
at 65°F (18°C) and 60-65 percent relative humidity. The hatching eggs 
were incubated and hatched in Jamesway 252 incubators at 100°F (38°C) on 
days 1-16 and 99°F (37°C) on days 16-18. Relative humidity was main­
tained at 60-65 percent on days 1-18. On the 19th day of incubation 
fertile eggs were transferred to hatching units which were maintained 
at 98.5°F (36.9°C) and 70 percent relative humidity. Incubators and 
hatchers were cleaned and disinfected after use. No fumigation was done 
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during incubation or hatching. In 1976 and 1977, Q and R were hatched 
tandemly in two week intervals. To facilitate the workload in collec­
tion of individual feed consumption records, the hatches for Q and R 
were scheduled four weeks apart in 1978 and 1979. The first hatch (Q) 
was taken off in the second week of March in 1977-1979 and the first 
week of April in 1976. 
Upon hatching, all baby chicks were wing-banded, sexed, and 
vaccinated for Marek's disease. All female chicks and one male chick 
from each mating were transferred to a 26 x 48 feet (7.9 x 14.6 m) pen 
in a windowless brooder house at the Iowa State University Poultry 
Science Center with approximately one square foot allowed per bird. 
Wood sawdust served as litter on the dirt floor pens. Chicks from Q 
and R were brooder-reared in separate pens. Male chicks were dubbed 
after hatching and sexing. Initially, room temperature was maintained 
at 75°F (24°C) with a space heater. Supplemental heat from red infra­
red heat lamps was provided for the first 10 days while the chicks were 
enclosed in a brooder corral. A chirk starter ration and drinking water 
were provided ad libitum. After each chick had consumed 
approximately one pound of feed, a chick grower ration and drinking 
water were provided ad libitum until the birds were 20 weeks of age. 
At 8 weeks of age chicks were weighed, debeaked, and vaccinated in 
the wing web for Fowl Pox. Vaccine for Newcastle Disease and Infectious 
Bronchitis was administered in the drinking water at 4 days of age, 
4 weeks of age, and 4 months of age. Piperazine was added to drinking 
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water at 4, 10, and 16 weeks of age to control roundworms. At 4 and 
8 weeks of age, liquid Amprol was added to drinking water to combat 
coccidiosis. Chicks were given 24 hours of light on day one and 8 hours 
of light, from 40 watt fluorescent tubes, per day until 20 weeks of age. 
Laying House Management and Record Collection 
At 20 weeks of age, pullets were randomly assigned to individual 
cages measuring 10 x 18 x 14 inches (.254 x .457 x ,356 m) in a window-
less cage layer house. Laying mash and water were provided ad libitum 
throughout the egg laying cycle. The pullets received 12 hours of 
light per day from 20 weeks of age until peak egg production was reached. 
Subsequently, the pullets received one additional hour of light per month 
until 16 hours of light per day was reached. The pullets were maintained 
on 16 hours of light per day until termination of the laying cycle at 
66 weeks of age. In the laying house, light was provided by 40 watt 
fluorescent tubes. Either Sevin or Malathion was used to dust for 
Northern Fowl Mites at housing and as needed during the egg production 
cycle. 
The age at first egg was recorded for each pullet and eggs were 
trapnested on four days (Monday through Thursday) of each week, in 
1976, individual feed consumption was measured for a 42 day period 
(October 4 to November 11) and a 28 day period (January 31 to February 
28) in the Q lines and for two 28 day periods (November 15 to December 13 
and February 28 to March 28) in the R lines. In 1977, individual feed 
consumption data were collected for two 28 day periods (October 24 to 
30 
November 21 and March 13 to April 10) in lines A and B and (November 21 
to December 19 and April 10 to May 8) in lines C and D. Individual 
feed consumption data were collected during two 28 day periods.(November 
1 to November 29 and April 2 to April 30) for the A and B lines and 
(November 30 to December 28 and April 30 to May 28) for the C and D lines 
in both 1978 and 1979. Measurements on body weight and skin pinch were 
taken at the midpoint of each feeding period each year. In addition, 
individual egg weights were recorded during the third week of each 
feeding period. Data on rate of lay and average egg weight from the 
first feeding period each year were used to compute egg mass per day for 
each hen tested. 
Individual hen feeders were constructed from two cardboard 
gallon milk cartons (see Arboleda e;t al_., 1976b). One carton served 
as a hopper and the other as a trough. The feeders were placed 
directly in the metal feed trough adjacent to one another so that 
each bird could not eat out of a neighboring feeder. Most of the feed 
spilled by hens was retained by the metal feed trough. At the start 
of each feeding trial, a designated amount of feed, usually 1000 grams, 
was placed in each feeder. Additional feed was added weekly to hoppers 
which were low on feed. An automatic weighing device^ was used to weigh 
out feed samples of a predetermined weight. This device was accurate to 
within 1 gram on 1000 gram samples. At the conclusion of the feeding 
^"Net Weigher Model 610N" manufactured by the Exact Weight Scale 
Co., Columbus, Ohio. 
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trial, all feed not consumed, including feed which had been spilled into 
the metal feed trough, was weighed back so that an individual feed con­
sumption record could be obtained. 
Selected male breeders were transferred from floor pens in the 
brooder house to individual cages measuring 10 x 18 x 14 inches (.254 x 
.457 X .356 m) in the cage layer house. The males received 16 hours of 
light per day; laying mash and drinking water were provided ad libitum. 
A two-week acclimatization period on stimulating light ensued before 
semen collection. Female breeders were artificially inseminated four 
times (two before collecting hatching eggs and two during hatching egg 
collection) with 0.25 cc of fresh undiluted semen to insure maximum 
fertility. 
Statistical Methods 
The residual component of feed consumption is defined as the feed 
consumed statistically adjusted for differences in body weight and egg 
mass output. Using analysis of covariance, feed consumption data were 
adjusted for body weight and egg mass while fixed effects of line year 
subclasses and variance components for sires, dams, and error were 
estimated. 
To determine which effects should be contained in the model, certain 
preliminary tests were made. First, for records collected in 1976, 
linear and quadratic terms for regression of feed consumption on body 
weight, egg mass, and inbreeding coefficient were fitted for each line. 
Because none of the quadratic components were significant, they were 
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dropped from the model. A second analysis of the 1976 data, consisted 
of fitting linear regressions of feed consumption on body weight, egg 
mass, and inbreeding. The estimated linear regression coefficient for 
inbreeding, approaching significance, was dropped from the model. 
Evidently, adjusting feed consumption data for body weight and egg mass, 
which themselves are influenced by inbreeding, removes the effect of 
inbreeding on feed consumption. At this point, data from Q and R were 
analyzed separately with individual linear regression coefficients 
for body weight and egg mass f6r each line year subclass. For the Q 
population, individual subclass regressions for body weight and egg 
mass not being significant, were dropped from the model. For Q the 
statistical model chosen was 
^ijkl " " "-^i ^ij ^-jk ^l^^likjl • 
^ '^2^^2ijkl " ^ 2^ "*• ®ijkl 
where 
^ijkl ~ feed consumption of the 1^*^ progeny from the k^^ dam 
mated to the sire in the i^^ line-year subclass, 
u = population mean of feed consumption, 
LY^. = fixed effect of the i^*^ line-year subclass, 
^ij ~ random effect of the j^*^ sire within the i^^ subclass, 
= random effect of the k^*^ dam mated to the j^^ sire within 
the i^^ subclass, 
bj = the partial regression of feed consumption on egg mass, 
bg = the partial regression of feed consumption on body weight. 
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^lijkl " Ggg mass of the progeny from the dam mated to 
the sire in the i^^ line-year subclass, 
^2ijkl ~ body weight of the 1^^ progeny from the k^^ dam mated to 
the sire in the i^'^ line-year subclass, 
®ijkl ~ random error component. 
For the R population, because the individual subclass regressions 
for body weight but not egg mass were significant, the statistical model 
chosen was, 
^ijkl " " L^i ^ij Djjk + ^ i(^iijkl " 
(X^ijkl " ^ 2) ®ijkl 
where 
Y^.j-ki = feed consumption of the 1^*^ progeny from the k^^ dam mated 
to the sire in the i^^ line-year subclass, 
u = population mean of feed consumption, 
LY^ = fixed effect of the i^^ line-year subclass, 
j = random effect of the sire within the i^^ subclass, 
Dijk ~ random effect of the k^^ dam mated to the sire within 
the i^*^ subclass, 
b^ = the partial regression of feed consumption on egg mass, 
bg^ = the partial regression for the i^^ line-year subclass of 
feed consumption on body weight, 
^lijkl " Ggg mass of the 1^*^ progeny from the k^*^ dam mated to 
the sire in the i^^ line-year subclass. 
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Xgijki " the body weight of the progeny from the dam mated 
to the sire in the i^^ line-year subclass, 
®ijkl " random error component. 
Because all effects in the model are fitted simultaneously, the 
partial regressions of feed consumption on body weight and egg mass are 
free of the effects of line-years, sires, and dams. The mean squares 
for sires, dams, and error, which have been adjusted for line years 
and partial regression coefficients are equated to their expectations 
according to Henderson's Method 3 (Henderson, 1953 and Harvey, 1970) to 
estimate variance components. From the variance components, three 
estimates of heritability were derived, 
2 _ 4S 
'S " S + D + E (1) 
,2 _ 4D 
"D " S + D + E ( 2 )  
(3) 
where : 
2 hg = heritability estimated from paternal half sibs, 
p 
hp = heritability estimated from maternal half sibs. 
P hg+Q = heritability estimated from full sibs, 
S = sire component of variance, 
D = dam component of variance, 
E = error component of variance. 
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Approximate standard errors of the heritabilities were computed accord­
ing to Harvey (1977). 
Body weight, egg mass, feed consumption and feed efficiency were 
analyzed from the statistical model. 
Within year contrasts of lines were made to elucidate the effects 
of different selection criteria on body weight, egg mass, feed consump­
tion, and feed efficiency. Gill (1978a) recommended using Bonferroni 
t-statisties for testing a relatively small number (< 10) of non-
orthogonal contrasts. A t-like statistic. 
where: 
^ijkl " value of a trait for the 1^^ progeny from the dam mated 
to the sire from the i^^ line-year subclass, 
u = the population mean for that trait, 
LY^ = fixed effect of the i^^ line-year subclass, 
j = random effect of the sire within the i^*^ subclass, 
= random effect of the k^^ dam mated to the sire within 
the i^^ subclass. 
®ijkl ~ random error component. 
where 
^k Sk^l- Vz' ^ 
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is compared to a critical value (Appendix A.10, Gill, 1978b) to test 
each contrast. In this case, the sire mean square is substituted for 
MSE. Heritability estimates were computed using equations (1), (2), and 
(3). Genetic and phenotypic correlations were computed from the formulas, 
S- r, 
ro n = (4) 
rp p = ^12 °12 ^12 ,c\ 
^1 2 /(Sj + Dj + + Dg + Eg) 
where S, D, and E designate respectively sire, dam, and error components 
of variance or covariance involving traits denoted by subscripts I and 2. 
Approximate standard errors of genetic correlations were computed 
according to Harvey (1977). 
Selection Index Theory and Application 
Smith (1936) and Hazel (1943) proposed using a selection index to 
simultaneously change several characters based on the relative importance 
of each of the characters. In breeding for efficiency of egg production, 
three traits are of primary importance. Income (in a commercial egg 
laying operation) is derived from the sale of eggs and spent hens at 
the termination of an egg laying cycle. On the other hand, the cost of 
feed accounts for 70 percent of the total cost of production. Thus, 
a linear combination of egg mass, body weight, and feed consumption 
serves as an indication of income over feed costs and a linear combina­
tion of egg mass and body weight serves as an indication of net income. 
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An individual hen's "true" breeding value for income over feed costs is 
defined as H = a^g^ + a2g2 + a^g^. With respect to net income, the true 
'fc 
breeding value of a hen is H = a^g^ + a2g2 where a^ is the economic 
value of body weight, ag is the economic value of egg mass, a^ is the 
economic value of feed consumption; g^ is the true breeding value of 
the i^^ trait. 
Three selection indexes, 
h ^ *^ 11^ 1 "*• 1^2^ 2 bisPg' 
2^ ^  "^ 21^ 1 "^ 22^ 2 2^3^ 3' 
3^ "^ 31^ 1 *^ 32^ 2 43P3 bgdPd 
where 
Pj = phenotypic value for body weight, 
P2 = phenotypic value for egg mass, 
Pg = phenotypic value for feed consumption, 
Pj = dummy variable for feed consumption, 
can be formulated such that the correlation between Ip I2, or Ig and 
H is maximized in estimating the b values. Index is a restricted 
index which restricts the genetic change in feed consumption to zero. 
A fourth selection index, 
4^ ^  *^ 41^ 1 4^2^ 2 
* 
maximizes the correlation between and H in estimating the b values. 
In matrix notation, let H = and I = ^'2 where a and £ are column 
vectors of the economic values and breeding values of traits in H, and jb 
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and £ are column vectors of weighting coefficients and phenotypic values 
of traits in I. The transpose of a vector or matrix is denoted by the 
prime ('). The normal equations that maximize r^^^ are, 
= Ga^ 
where 
P = phenotypic variance covariance matrix of the traits, 
G = genetic variance covariance matrix of the traits 
so that 
b = P"^Ga 
where P~^ represents the inverse of the P matrix. The normal equations 
for selection indexes I-
' V  I2, I3, and I4 are 
Plki = Gjaj 
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• th th The genetic change (q^^) in the i individual trait in the K 
selection index for one phenotypic standard deviation of selection on 
Where Gj^^. is the i^*^ column of the 6|^ matrix. The genetic change for 
feed consumption for one phenotypic standard deviation of selection on 
index is 
A94i = 
"41''GiG3°G3''GI + "42''G3G3°G^ ''G3 
The genetic gain in H for one phenotypic standard deviation of selection 
on I|^ is 
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AH(I^) = J 
1 - I 
where t is number of traits defined by H. The percent reduction in the 
rate of total genetic gain if the i^^ trait is omitted from the 
index is 
- buL/W.. 
./diJ<=K^ _J<i_ll X 100 
where W^.^. is the i^^ diagonal element of If selection is on an 
individual trait instead of a selection index, the genetic change in the 
i^*^ trait for one phenotypic standard deviation of selection for the i^^ 
trait is 
2 
If selection is on another trait, j, then the genetic change in the i^*^ 
trait for one phenotypic standard deviation of selection for trait j is 
Agi = hihjrQ^^p^ap^, 
The genetic gain in H for one phenotypic standard deviation of selection 
on an individual trait is as defined for selection on Ij^. 
The relative efficiency of two selection indexes or a selection 
index and single trait selection can be defined by the following formula: 
El.l* ' * 100%. 
Because genetic progress is proportional to r , Cunningham (1969a) 
I n  
suggested an alternative measure of efficiency of selection indexes. 
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where the H is identical for each index (I^, Ig, and Ig in this study), 
defined as, 
b'Pb 
r,u a'Ga b'Gb 
r _ in g _____ - ___ y inn# 
M* b*'P*b* b*'P*b* ^  
Ê.' 
This reduces to the ratio of the standard deviations of the two indexes. 
Furthermore, Cunningham (1969b) showed that if one source of information 
is dropped from a selection index, the variance of the reduced index is 
" bi/Wii 
which is less than the variance of the original index. Thus, the 
relative efficiency of Ij and Ig can be expressed as 
, , , . / ,  ,  .  
2 y - bj3 /W33 
2 Because b^g cannot be negative, index 1^ is more efficient than Ig. 
Cunningham (1975) provided the theoretical framework and a data 
management algorithm which facilitates evaluation of the effectiveness 
of multi-stage index selection. 
Some additional matrix theory is required to clarify the algorithm 
for multi-stage selection. If selection index Ig is used at stage 1 of 
selection, and information on individual feed consumption is subse­
quently collected for use in a selection index at stage 2, the genetic 
and phenotypic variances and covariances used in the selection index at 
stage 2 need to be adjusted for selection at stage 1. 
42 
If selection at stage 2 is based on a selection index Ig, which 
utilizes information on body weight, egg mass, and feed consumption, . 
the normal equations which maximize the correlation between Ig and H are 
In this case 
5^ ^  " ''0^ 2-2'''o"' 
Po = 1^1 ''12 1^3 
^21 ^22 ^23 
Gr ~ Gi -
'51 
'52 
5^3 
4 = 
w 
= T(i - t) 
and 
assuming truncation selection on Ig at a point t giving a standardized 
selection differential i. 
If selection at stage 2 is based solely on feed consumption (FC), 
the normal equations which maximize the correlation between FC and H are 
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Pe^  - GgBg 
where Pg = element of Pg in 3rd row and 3rd column, 
h " bgi' 
6g = 3rd row in Gg, 
a. 
and ^ = 
1 
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RESULTS 
Means of Traits from First Feeding Period 
Least squares means and standard errors of feed consumption, body 
weight, egg mass, and feed efficiency from the first feeding period for 
the Q and R populations are presented in Tables la and lb, respectively. 
Differences between line year subclasses were significant for all traits 
in both populations, as is indicated by the analysis of variance tables 
for Q and R presented in Tables 2a and 2b. Mean comparisons between 
lines within years are useful in elucidating the effects of selection 
practiced during the course of this experiment. Bonferroni t 
statistics for nonorthogonal contrasts for feed consumption, egg mass, 
body weight, and feed efficiency for the Q and R populations are 
presented in Tables 3a-6b. 
In 1976, in both populations the lines selected for high rate of 
lay (Q1 and Rl) were significantly heavier than those selected on either 
a high ratio of egg weight to body weight (Q2 adn R2) or a high ratio of 
egg mass to body weight. Body weight was significantly higher in the 
lines selected on index 1 (CI and C2) and index 2 (D1 and 02) than in 
the respective controls (C3 and 03) in 1979 for the R population. In 
the Q population in the increase in body weight for the lines selected 
on index 1 (A1 and A2) in 1978 and 1979 and on index 2 (B1 and B2) in 
1979 compared to their respective controls (A3 and B3), were highly 
significant. 
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Table 2a. Analysis of variance for feed consumption, egg mass, and body 
weight (Q population) 
Mean squares 
Source d.f. FC EM BW EPF 
Line-year 16 3,364.8** 1,334.0** 1,481,729** .0482* 
Si re/line-year 153 369.0** 89.7** 116,348** .0279 
Dam/si re/1i ne-year 746 161.7** 55.8** 42,055** .0?66 
Residual 1,682 115.2 72.7 23,750 .0523 
*p < .05. 
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Table 2b. Analysis of variance for feed consumption, egg mass, and body 
weight (R population) 
Mean squares 
Source d.f, FC EM BW EPF 
Line-year 17 2,602.4** 253.7** 722,500** .0643** 
Sire/line-year 167 304.1** 75.2** 108,767** .0054 
Dam/si re/1i ne-year 762 138.4** 44.9** 33,300** .0042 
Residual 1,364 93.6 43.3 17,791 .0040 
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Table 3a. Bonferroni t statistics for nonorthogonal contrasts of body 
weight (Q population) 
Contrast tB 
Q1 versus Q2 and Q3 5.07** 
A versus B 1.81 
A1 and A2 versus A3 in 1978 4.25** 
A1 and A2 versus A3 in 1979 4.64** 
B1 and B2 versus B3 in 1978 2.15 
B1 and B2 versus B3 in 1979 4.14** 
48 
Table 3b. Bonferroni t statistics for nonorthogonal contrasts of body 
weight (R population) 
Contrast tg 
R1 versus R4 2.45 
R2 and R3 versus R4 - .60 
R2 versus R4 -2.23 
R1 versus R2 and R3 3.52** 
C versus D 1.17 
CI and C2 versus C3 in 1978 2.53 
CI and C2 versus C3 in 1979 3.18* 
D1 and D2 versus D3 in 1978 1.34 
D1 and 02 versus 03 in 1979 3.15* 
** 
p < .05. 
p < .01. 
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Table 4a. Bonferroni t statistics for nonorthogonal contrasts of egg 
mass (Q population) 
Contrast tg 
Q1 and Q2 versus Q3 -1.14 
A versus B .59 
A1 and A2 versus A3 in 1978 .28 
A1 and A2 versus A3 in 1979 1.60 
B1 and 82 versus B3 in 1978 - .26 
81 and B2 versus 83 in 1979 1.19 
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Table 4b. Bonferroni t statistics for nonorthogonal contrasts of egg 
mass (R population) 
Contrast 
^B 
R1 and R3 versus R2 and R4 3.53** 
C versus D -2.08 
CI and C2 versus C3 for 1978 .96 
CI and C2 versus C3 for 1979 - .14 
D1 and D2 versus D3 for 1979 -1.19 
** 
p < .01. 
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Table 5a. Bonferroni t statistics for nonorthogonal 
consumption (Q population) 
contrasts of feed 
Contrast 
^8 
Q1 versus Q2 and Q3 3.64** 
A versus B - . 88 
Al and A2 versus A3 in 1978 2.04 
Al and A2 versus A3 in 1979 2.35 
B1 and B2 versus B3 in 1978 1.18 
B1 and B2 versus B3 in 1979 2.06 
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Table 5b. Bonferroni t statistics for nonorthogonal contrasts of feed 
consumption (R population) 
Contrast tg 
R1 versus R4 4.13** 
R2 and R3 versus R4 2.04 
R1 versus R2 and R3 2.77 
C versus D 3.18* 
CI and C2 versus C3 in 1978 1.69 
CI and C2 versus C3 in 1979 1.21 
D1 and D2 versus 03 in 1978 1.13 
D1 and D2 versus 03 in 1979 2.14 
*p < .05. 
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Table 6a. Bonferroni t statistics for nonorthogonal contrasts of feed 
efficinecy (Q population) 
Contrast tB 
Q1 versus Q2 and Q3 -2.19 
A versus B 2.49* 
Al and A2 versus A3 in 1978 1.03 
Al and A2 versus A3 in 1979 - .31 
B1 and B2 versus B3 in 1978 - .75 
B1 and B2 versus B3 in 1979 - .40 
p < .05. 
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Table 6b. Bonferroni t statistics for nonorthogonal contrasts of feed 
efficiency (R population) 
Contrast 
R1 and R3 versus R2 -4.35** 
R1 and R3 versus R4 -1.87 
R2 versus R4 2.06 
C versus D 1.42 
CI and C2 versus C3 in 1978 - .81 
CI and C2 versus C3 in 1979 -1.59 
D1 and D2 versus D3 in 1978 -1.39 
D1 and D2 versus 03 in 1979 -4.04** 
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A highly significant increase in daily egg mass production was 
noted in lines R1 and R2 compared to lines R3 and R4. Surprisingly, 
the only selection criterion which did not increase egg mass compared 
to the control was high ratio of egg mass to body weight. 
Feed consumption in the Q population was significantly higher in 
the line selected for rate of lay (Ql) than in either line having 
selection criteria with body weight in the denominator of the ratio 
(Q2 and Q3). A similar comparison in the R population (R1 versus R2 
and R3) closely approached significance with trends in the same direc­
tion. However, for line R1 selected on high rate of lay, feed was 
significantly higher than the control line (R4). In 1977, feed consump­
tion was significantly lower in the line selected for ratio of egg mass 
to body weight (C) than the line selected on feed efficiency (D) in the 
R population. In both the Q and R populations in 1978 and 1979, the 
lines selected on index 1 (Al, A2, CI, and C2) consumed more feed than 
their respective control lines (A3 and C3). In both populations, the 
lines selected on index 2 (Bl, B2, Dl, and D2) also consumed more feed 
than their respective controls (83 and D3) in 1978 and 1979. 
In 1976 in the Q population, feed efficiency in the line Ql 
selected on rate of lay was significantly greater than that in lines 
Q2 and Q3. On the other hand, in the R population, feed efficiency in 
lines R1 and R3 was significantly less compared to line R2 but not to 
the control line R4. In 1977 in the Q population, feed efficiency in 
line B, selected on feed efficiency, was significantly better than line A, 
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selected on ratio of egg mass to body weight. A similar, but nonsig­
nificant trend also was noted in the Q population in 1977. In 1979, 
feed efficiency for the two lines in the R population selected on index 2 
(D1 and D2) was significantly better than that of the control line (D3). 
Because of the absence of a control line in 1976 for the Q popu­
lation and the use of ratios as selection criteria, caution should be 
exercised in drawing conclusions regarding the effects of selection on 
the components of ratios in the 1976 test. Nevertheless, the results 
suggest that selection on the basis of ratios with body weight in the 
denominator reduces body weight and feed consumption, and generally 
causes poorer feed efficiency. Furthermore, selection on high rate of 
lay in R increased body weight, egg mass, and feed consumption, and 
improved feed efficiency compared to controls. In 1977, after one 
generation of selection in both Q and R, feed efficiency was best in 
the line selected directly for feed efficiency. However, no control 
line was maintained in 1977 making speculation hazardous. 
The cumulative selection intensity in 1979, after two generations 
of selection on indexes 1 and 2, was approximately one standard devia­
tion. The expected genetic change in each trait for one standard 
deviation of selection on indexes 1 and 2 is presented in Table 7. 
The observed changes in each trait presented in Table 7, computed by 
deviating the mean of the two replicates from the appropriate control, 
are in good agreement with the expected changes with the exception of 
egg mass in C and D. 
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Table 7. Expected and observed changes in individual traits for one 
standard deviation of selection on index 1 and 2 
ABW AEM AFC 
Index (g) (g/day) (g/day) 
1^: BW, EM, FC Expected 121 .67 3.6 
Lines A Observed 182.5 .80 1.2 
Lines B Observed 150 .60 1.0 
Ig: BW, EM Expected 120 .67 3.8 
Lines C Observed 130 -.15 2.6 
Lines D Observed 122 -.59 4.3 
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Table Sa. Least squares analysis of covariance for feed consumption 
(Q population) 
Source d.f. Mean squares 
Line-years 16 559.8** 
Sires/line-years 153 156.5** 
Dams/sires/line-years 746 73.9** 
Regression egg mass 1 26,050.6** 
Regression body weight 1 41,896.3** 
Residual 1,680 63.7 
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Table 8b. Least squares analysis of covariance for feed consumption 
(R population) 
Source d.f. M.S. 
Line-years 17 1,593.5** 
Sires/line-years 167 108.3** 
Dams/si res/1i ne-years 762 75.3** 
Regression egg mass 1 20,842.3** 
Regression body weight 1 16,597.6** 
Regression body weight x line years 17 123.6** 
Residual 1,345 56.1 
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Table 9. Partial regression coefficients of feed consumption on egg 
mass and body weight from the first feeding period 
Population bpCpBW'EM - S'E" ^FC,EM-BW - S'E" 
Q 
R 
Pooled 
0.033** + 0.001 
0.029** +0.002 
0.032** + 0.001 
0.617** + 0.031 
0.610** + 0.032 
0.615** + 0.022 
** 
p < .01. 
)le 10. 
le-year 
- 1976 
- 1976 
- 1976 
- 1976 
1977 
1977 
- 1978 
- 1978 
- 1978 
- 1978 
- 1978 
- 1978 
- 1979 
- 1979 
- 1979 
- 1979 
- 1979 
- 1979 
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Partial regression coefficients of feed consumption on body 
weight for each line-year subclass (R) 
bpC.BW'EM - S-E-
.036 + .006 
.047 + .008 
.019 + .008 
.046 + .008 
.016 + .003 
.025 + .004 
.037 + .006 
.027 + .008 
.003 + .010 
.027 + .009 
.017 + .009 
.030 + .009 
.035 + .006 
.038 + .006 
.032 + .010 
.034 + .007 
.038 + .007 
.029 + .009 
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Table 11. Partial correlation coefficients of feed consumption with 
body weight and feed consumption with egg mass 
Q R Pooled 
rpC.EM'BW .531 +.017** .453 + .019** .501 + .012** 
^FC.BW'EM .442 + .108** .464 + .018** .452 + .013** 
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Table 12. Heritability of the residual component of feed consumption 
Population hg + S.E. hp + S.E. h^^p + S.E. 
Q .292 + .067 .208 + .087 .250 + .041 
R .154 +.062 .499 +.104 .326 + .048 
Pooled .237 + .046 .299 + .067 .268 + .031 
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Residual Component of Feed Consumption 
The least squares analysis of covariance for feed consumption from 
the first feeding period is presented in Tables 8a and 8b for Q and 
R. In both populations, the effects of line-years, sires, dams, and 
the partial regressions of feed consumption on egg mass and body weight 
were highly significant. Partial regression coefficients of feed 
consumption on egg mass and body weight are shown in Table 9 for the 
Q and R population. All partial regression coefficients were signifi­
cantly different from zero at the .01 level of probability. The partial 
regression coefficients of feed consumption on egg mass and body weight 
from the two populations are in good agreement. Partial regression 
coefficients of feed consumption on body weight for each line-year sub­
class in R, presented in Table 10 exhibited considerable between- and 
within-year variation. 
Partial correlation coefficients are useful in comparing the 
relative importance of body weight and egg mass on feed consumption. 
The partial correlation of feed consumption with egg mass holding body 
weight constant and feed consumption with body weight holding egg mass 
constant and standard errors for the Q and R populations are shown in 
Table 11. The partial correlation coefficients, all significantly 
different from zero, indicate that egg mass and body weight are of 
equal importance in determining feed consumption in both Q and R. 
Estimates of heritability and standard errors of the residual 
component of feed consumption for Q and R, separately and pooled are pre­
sented in Table 12. The estimate from the paternal half sib correlation 
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is larger in Q than in R. The estimate from the maternal half-sib 
correlation is larger than the paternal half-sib correlation in R but 
is smaller in Q. Because females are the heterogametic sex in poultry, 
the maternal half-sib correlation would contain a component from 
maternal effects and part of the dominance variance while the paternal 
half-sib correlation would contain a component from sex linkage. In 
view of the large standard errors of the estimates, these differences 
could be attributed to sampling error as well as bias. Estimates from 
the full-sib correlation contain less bias, have smaller sampling 
variance, and fall between estimates from paternal and maternal half-
sib correlations. The heritability estimates from this study fall 
between those reported by Arboleda et a],. (1976a) and Nagger and 
Abplanalp (1978). Those from paternal half-sib correlation suggest 
that there is a genetic basis for variability in feed consumption after 
adjusting for differences in egg mass and body weight; i.e., the 
residual component of feed consumption. 
Heritabilities and Genetic/Phenotypic Correlations for 
Body Weight, Egg Mass, Feed Consumption, and Feed Efficiency 
Heritability estimates of body weight, egg mass, feed consumption, and 
feed efficiency for Q and R separately and pooled are presented in Table 
13. Heritability estimates were highest for body weight and were higher 
in R than Q. Also, heritability estimates were higher for feed consump­
tion than for egg mass. That for feed consumption consistently was 
the lowest. The negative variance components from sires and dams 
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Table 13. Heritabilities of feed consumption egg mass, body weight, and 
feed efficiency 
hg + S.E. fip + S.E. hg+o + S.E. 
Q: FC .357 + .073 .473 + .089 .415 + .045 
EM .164 + .054 .392 + .008 .278 + .041 
BW .527 + .088 .769 + .090 .648 + .048 
EPF - — ---
R: FC .397 + .084 .615 + .102 .506 .050 
EM .208 + .066 .059 + .101 .134 + .043 
BW .764 + .112 .883 + .101 .823 + .051 
EFF .090 + .054 . 053 + .101 .071 + .040 
Pooled: FC .375 + .055 .520 + .067 .447 + .033 
EM .183 + .042 .243 + .066 .213 + .030 
BW .630 + .070 .802 + .067 .716 + .035 
67 
for feed efficiency probably were caused by sampling error. In R with the 
exception of egg mass and feed efficiency, the estimates from maternal 
half-sibs were higher than from paternal half-sibs. Possible causes 
would include dominance variance, maternal effects, or sampling error. 
Phenotypic correlations between all possible pairs of traits for 
Q and R appear in Table 14. Correlations for all pairs of traits in 
both Q and R were significantly different from zero at the .01 level 
of probability. The phenotypic correlations for body weight with feed 
consumption and egg mass with feed consumption were of the same order of 
magnitude and both were larger than the correlation between body weight 
and egg mass in both Q and R. Feed efficiency was positively correlated 
with egg mass and negatively correlated with body weight and feed 
consumption. 
Genetic correlations estimated from the sire components of variance 
and covariance are presented in Table 15. In the Q population, the 
genetic correlation for body weight and feed consumption is larger than 
the genetic correlation for egg mass and feed consumption, which in turn 
is larger than the genetic correlation between body weight and egg 
mass. All genetic correlations in the R population are larger than the 
corresponding values in the Q population. In R, the genetic correlation 
between feed efficiency and egg mass was positive but with body weight 
and feed consumption were negative. 
The heritability estimates for body weight for both Q and R in 
this study fall within the range of estimates compiled by Kinney (1969) 
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Table 14. Phenotypic correlations (rp) of traits 
Traits Q R Pooled 
BW X EM .242 + .019** .202 + .020** .224 + .014** 
BW X FC .606 + .016** .552 + .017** .583 + .012** 
EM X FC .500 + .017** .504 + .018** .502 + .012** 
EFF X EM .234 + .019** .736 + .014** .290 + .014** 
EFF X BW -.078 + .020** 1 00
 
ro
 
1 +
 
.020** -.086 + .014** 
EFF X FC -.166 4^ .019** -.191 + .020** -.151 + .014** 
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Table 15. Genetic correlations (r.) of traits estimated from sire 
components of variance and covariance 
Traits Q R Pooled 
BW X EM .180 + .150 .392 + .218 .290 + .098 
BW X FC .699 + .068 .759 + .060 .727 + .045 
EM X FC .453 + .133 .764 + .092 .604 + .080 
EFF X BW - -.483 + .218 
EFF X EM - .432 +.197 
EFF X FC - -.250 + .237 
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for mature body weight. The estimates of heritability of egg mass and 
feed consumption fall between those reported by Arboleda et aj[. (1976a) 
and Hagger and Abplanalp (1978) in similar studies. The phenotypic 
correlations reported in this study are in good agreement with both 
Arboleda et (1976a) and Hagger and Abplanalp (1978) with the 
exception of the correlation of egg mass and body weight which is some­
what larger in this study. Genetic correlations reported by Arboleda 
et (1976b) are larger than those estimated from this study except 
for that of egg mass and feed consumption in R. With the exceptions 
of the genetic correlations in R between egg mass and body weight and 
between egg mass and feed consumption, the genetic correlations reported 
herein agree with those reported by Hagger and Abplanalp (1978). 
Economic Value of Body Weight, Egg Mass, and Feed Consumption 
The economic values for body weight, egg mass, and feed consump­
tion which are subsequently used in developing selection indexes are 
presented in Table 16. Assuming that a 60 gram egg is worth five 
cents, during a 280 day egg production cycle an increase in egg mass of 
one gram per day is worth 1/60 x 5 x 280 = 23 cents. If revenue from 
spent hens is 10 cents per pound one gram of body weight is worth 
.022 cents. Over a 280 day egg production cycle an increase in feed 
consumption of one gram per day of laying mash which costs seven cents 
per pound is worth -4.32 cents. 
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Table 16. Economic values for body weight, egg mass, and feed 
consumption 
Economic Value 
Traits Unit in d/unit 
Body Weight g .022 
Egg Mass g/day 23 
Feed Consumption g/day -4.32 
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Expected Gain from Selection Indexes 
In this study, four different selection indexes which maximize 
income over feed costs or net income were considered. A summary of the 
information contained in each index appears in Table 17. Selection 
indexes 1, 2, and 3 have the same aggregate genotype and maximize income 
over feed costs. Index 1 contains information on feed consumption in 
the P matrix and requires individual feed consumption data. The vari­
able feed consumption is dropped from the P matrix of index 2 and, hence, 
does not require individual feed consumption records. Selection index 
3 requires individual feed consumption but is designed to restrict 
the genetic change in feed consumption to zero. Index 4 maximizes net 
income and does not require individual feed consumption data. In 
index 4, feed consumption is deleted in the P and G matrices. 
The index equations in matrix form are given in the selection 
index section of Methods and Materials. Phenotypic variances for 
body weight, egg mass and feed consumption, used in constructing the P 
and G matrices, are presented in Table 18. The heritability estimates 
from the sire component and the genetic/phenotypic correlations enter­
ing genetic/phenotypic covariances in the P and G matrices appear in 
Tables 12, 13, and 14. 
The b values, obtained by solving the index equations for the 
different selection indexes, are presented in Tables 19a, 19b, and 19c. 
Egg mass received positive weight in all indexes. With the exceptions 
of index 2 in R and index 4 for all cases, body weight received negative 
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Table 17. Component traits of selection indexes 
Index. 
Variable 
maximized 
Information traits 
required for the 
index 
IF 
IF 
IF 
I 
BW, EM, FC 
BW, EM. RG 
BW, EM, FC, AFC = 0 
BW, EM 
where, IF = Income over feed cost 
I = Net income 
BW = Body weight 
EM = Egg mass 
FC = Feed consumption 
AFC = Change in feed consumption 
rg = Genetic correlations of BW x FC and EM x FC 
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Table 18. Phenotypic variances for body weight, egg mass, and feed 
consumption 
Trait (Unit)^ 5 R Pooled 
Body Weight g 35,131 30,240 32,829 
Egg Mass g 49.6 46.4 48.1 
Feed Consumption g 145.3 125.4 135.9 
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Table 19. Coefficients for traits of different selection indexes 
Index 
"1 
MI MI 
^3 
lEçl (Dutrany FC) 
-.0308 
-.0576 
-.0201 
.0241 
-.0060 
.0158 
-.0593 
.1242 
.0215 
.0257 
.0329 
.0672 
3.8751 
3.3573 
3.6961 
3.6410 
2.7418 
3.2256 
2.4768 
4.2308 
3.3427 
3.2559 
3.3724 
3.8609 
-.8073 
-.3965 
.7203 
.1341 
1328 
-.3666 
•1.2866 
2.8312 
.8760 
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weight. Feed consumption was weighted positively in R but negatively 
in Q and in Q and R pooled. 
Because indexes 1, 2, and 3 have the same aggregate genotype, 
the correlation between the different indexes and aggregate genotype, 
presented in Table 20, indicates the accuracy of selection of the 
different indexes. The effectiveness of selection is highest for index 
1 in all cases. In Q and in Q and R pooled, indexes 2 and 3 are equally 
effective. However, in R, the effectiveness of selection is seemingly 
reduced substantially by using index 3. 
The estimated genetic change in individual traits and income over 
feed costs for the Q population appear in Table 21a. Selection is directed 
towards increased income over feed costs in indexes 1, 2, and 3, and 
increased net income in index 4, and for single trait selection an 
increase in individual traits. In the Q population, selection on indexes 
1, 2, and 3 is expected to decrease body weight but selection on index 
4 or on any individual trait will increase body weight. The largest 
change in body weight is expected from selection on body weight. Egg 
mass is expected to increase in all cases, but selection on the basis of 
index 4 or on egg mass seemingly will produce the largest change. Feed 
consumption should decrease when indexes 1 or 2 are used, but selection 
on index 4 or on any individual trait should increase feed consumption. 
Table 21b presents the estimated genetic change in each trait and 
in income over feed costs for R. With the exception of index 3, body 
weight is expected to increase. Of course the largest increase is 
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Table 20. Correlation of index and aggregate genotype (rjn) for 
different selection indexes 
Index Q R Pooled 
.4221 .4479 .3994 
Ig .4050 .4335 .3989 
I3 .4096 .3478 .3921 
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Table 21a. Estimated genetic change for each trait and income over feed 
costs for one phenotypic standard deviation of selection 
(Q population) 
Selection 
Criteria 
ABW 
(g) 
AEM 
(q/day) 
AFC 
(q/day) 
AIOFC 
(cents) 
-34.88 .89 -1.10 24.48 
^2 -35.39 .99 -.35 23.50 
-16.26 1.04 0 23.76 
I4 25.82 1.15 1.86 19.07 
BW 98.76 .37 3.65 5.09 
EM 9.92 1.15 1.32 20.97 
FC 56.78 .77 4.30 .38 
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Table 21b. Estimated genetic change for each trait and over feed costs 
for one phenotypic standard deviation selection (R population) 
Selection 
Criteria 
ABW 
(q) 
AEM 
(q/day) 
AFC 
(q/day) 
AIOFC 
(cents) 
^1 40.79 1.60 3.29 23.44 
42.41 1.50 2.96 22.69 
^3 -44.04 .83 0 18.20 
^4 92.81 1.62 4.37 20.42 
BW 132.86 1.06 4.68 7.09 
EM 27.17 1.42 2.46 22.63 
FC 72.68 1.49 4.45 16.64 
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expected from selection on body weight alone. The largest increase in 
egg mass is expected from selection on indexes 1 or 4. Excluding 
index 3, feed consumption is expected to increase in all cases with 
selection on body weight producing the largest change. 
The expected genetic change in individual traits and income over 
feed costs for Q and R pooled is presented in Table 21c. Body weight 
is expected to decrease as a consequence of selection on indexes 1, 2, 
and 3, On the other hand, selection on index 4 or any individual trait 
should result in increased body weight, Selection for body weight 
is expected to produce the largest change in body weight. Egg mass is 
expected to increase in all cases; selection on index 4 should produce 
the largest gain. With the exception of index 3, feed consumption is 
expected to increase. Selection on feed consumption should produce 
the largest change in feed consumption. 
In the Q population, the largest change in each individual trait is 
expected from selection on that particular trait. However, in the R 
population, the largest increase in egg mass seemingly results from 
selection on index 1 or 4; the largest change in feed consumption is 
produced from selection on body weight. For feed consumption, selection 
for a trait with a high heritabiltty and a high positive genetic corre­
lation is expected to be most effective. In the case of a lowly 
heritable trait such as egg mass, index selection should increase 
expected genetic change. Similar relationships are indicated for egg 
mass and feed consumption in Q and R pooled except for the response 
of egg mass to selection on index 1, 
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Table 21c. Estimated genetic change for each trait and income over 
feed costs for one phenotypic standard deviation of selec­
tion (Q and R, pooled) 
Selection 
Criteria 
ABW 
(q) 
AEM 
(g/day) 
AFC 
(g/day) 
AIOFC 
(cents) 
-5.91 1.13 .91 22.04 
•2 -5.88 1.16 1.02 22.01 
I3 -24.79 .97 0 21.64 
'4 58.68 1.33 3.12 18.78 
BW 114.15 .68 4.12 .35 
EM 17.86 1.27 1.84 21.65 
FC 64.01 1.10 4.37 7.83 
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The expected increase in income over feed costs is highest for 
index 1 as the selection criterion in all cases. In the Q population, 
this is reflected by an increase in egg mass and a decrease in body 
weight and feed consumption. The increase in income over feed costs 
for index 1 in the R population is seemingly caused by a larger 
increase in egg mass, but body weight and feed consumption also 
increase. For Q and R pooled body weight is expected to decrease while 
egg mass and feed consumption increase. Apparently the direction and 
magnitude of the changes in the traits that are components of index 1 
vary in populations of chickens with different genetic backgrounds. 
However, the net result in terms of change in income over feed costs is 
comparable. 
Unlike selection on the basis of feed consumption or body weight, 
selection on egg mass is effective to some degree in increasing income 
over feed costs. Perhaps selection on the basis greater egg mass pro­
duction could serve as a less expensive alternative to collection and 
use of supplemental information on individual feed consumption in a 
breeding program. 
The relative efficiency of two selection indexes can be measured 
by the ratio of the expected gain in income over feed costs from the 
two indexes. Table 22 presents the efficiency of the different indexes 
relative to index 4. Inclusion of individual feed consumption records 
is expected to increase income over feed costs by 28 percent in Q and 
15 percent in R over index 4. Including information on feed consumption 
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Table 22. Efficiency of different selection indexes 
% Gain Relative to 
Index Q R Pooled 
128 115 117 
IG 123 111 117 
I3 125 89 115 
100 100 100 
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in the aggregate genotype produces a 23 percent increase in income over 
feed costs in Q and 11 percent in R. Incorporating information on feed 
consumption but restricting genetic change in feed consumption to zero 
resulted in higher income over feed costs relative to index 4 in Q but 
not R. 
Arboleda et £}_. (1976b) reported that including feed consumption 
in the 6 matrix but not in P resulted in a 3 percent increase in 
expected gain and including feed consumption in the selection index 
increased expected gain by 9 percent. Hagger and Abplanalp (1978) 
reported that the relative gain in income over feed cost for an index 
which restricts change in feed consumption ranged from 97 to 102% and 
the relative gain in income over feed cost for an index which includes 
feed consumption records ranges from 100% to 104%. In general, the 
relative expected increase in income over feed costs obtained by includ­
ing supplemental information on actual feed consumption records on 
a priori estimates of genetic correlations was higher than in previous 
reports in the literature. 
A useful technique in determining the relative importance of 
each trait in a selection index is to look at the percent reduction in 
overall genetic gain if a particular trait is omitted from the index. 
The percentage reduction in rate of overall genetic gain if body weight, 
egg mass, or feed consumption are omitted from different selection 
indexes is presented in Tables 22a, 22b, and 22c. In all cases, the 
variable egg mass makes the largest contribution to genetic gain in 
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Table 23. Percentage reduction in rate of overall genetic gain if a trait 
is omitted from different selection indexes 
Index BW 
Trait Omitted 
EM FC 
Dummy 
FC 
Pooled 
1.77 
10.49 
0.86 
1.32 
0.07 
0.71 
16.48 
15.67 
1.03 
2.15 
2.99 
7.23 
72.68 
78.41 
72.64 
60.42 
27.11 
68.33 
40.11 
30.32 
57.73 
98.16 
63.87 
42.82 
4.04 
1.58 
3.22 
0.20 
0.13 
1.30 
-3.03 
-28.78 
-1.86 
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income over feed cost. This is expected because revenue from egg sales 
accounts for a very high percentage of income. Including feed consump­
tion in indexes 1 and 3 makes a positive contribution to genetic gain 
in income over feed cost even though it has a negative economic value. 
Body weight makes a small but positive contribution in all indexes 
reflecting income from the sale of spent hens. 
Heritability estimates of the different selection indexes are 
found in Table 24. Except for Q, index estimates from paternal 
half-sibs were highest. In general, the indexes would be considered 
lowly heritable. 
Expected Gain from 2-stage Index Selection 
In this study two-stage selection, using index Ig at stage one of 
selection and index I g or Ig at stage two of selection was compared 
to one-stage selection for indexes Ij^, Ig, and I^. Selection index Ig 
contains information on body weight, egg mass, and feed consumption in 
both the P and G matrices. On the other hand, index Ig omits information 
on body weight and egg mass in the P matrix so that selection at stage 
two is based solely on feed consumption. 
In order to compare the total genetic gain in income over feed 
costs for different selection schemes, it is necessary to have the same 
final intensity of selection for both one- and two-stage selection. 
In this study, selecting the top 6% for one-stage selection results in 
a selection differential of 2 standard deviations. Equivalent selection 
intensity for two-stage selection can be achieved by saving the top 38% 
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Table 24. Heritability estimates of different selection indexes 
Index + S.E. s — + S.E. S — hg+D - S'E '  
Q:  
^1 .221 + .060 .301 + .087 .261 + .041 
h .115 + .049 .110 + .085 .112 + .036 
^3 .177 + .055 .322 + .088 .250 + .041 
^4 .178 + . 055 .449 + .089 .314 + .042 
R: h .277 + .073 .183 + .102 .230 + .045 
^2 .243 + .069 .100 + .101 .172 + .044 
^3 .257 + .071 .174 + .102 .216 + .045 
^4 .467 + .090 .406 + .102 .437 + .050 
Pooled: h .246 + .046 .234 + .066 .244 + .030 
^2 .099 + .036 - .050 + .026 
^3 .203 + .043 .233 + .066 .218 + .030 
^4 .369 + .055 .468 + .067 .419 + .033 
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at stage one and the best 16% (i.e., 6/38) during stage two. This 
represents selection differentials of 1 standard deviation at stage one 
and 1.52 standard deviations at stage two. 
The expected total genetic change in income over feed costs for 
different one- and two-stage selection schemes is presented in Tables 
25a and b for Q and R, individually and pooled. The relative efficiencies 
of the different one- and two-stage selection schemes compared to 
one-stage selection using index are presented in Table 26. In all 
cases, one-stage selection using individual records of body weight, egg 
mass, and feed consumption on all individuals is superior to the other 
alternatives. Interestingly, two-stage selection using Ig on the top 
38% of the population is superior to one-stage selection omitting 
individual feed consumption records, but is inferior to one-stage selec­
tion with feed consumption records on all individuals. Two-stage 
selection, using only information on individual feed consumption at 
stage two is inferior to the other alternatives including one-stage 
selection ignoring individual feed consumption. 
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Table 25a. Estimated genetic change in income over feed costs for one-
and two-stage selection (Q and R) 
Selection Procedure AIOFC AIOFC 
One-stage : BW, EM, FC 
Î2- BW, EM, rg 
I^: BW, EM 
2.0 24.48 48.96 23.44 46.88 
2.0 23.50 47.00 22.69 45.38 
2.0 27.09 38.14 39.35 40.84 
Two-stage Stage 1 Ig: BW, EM, r^ 1.0 23.50 45 33 
Stage 2 Ig: BW, EM, FC 1.52 14.69 
22.69 
13.85 
Stage 1 Ig: BW, EM, r^ 1.0 23.50 28.55 36.66 
Stage 2 Ig: FC 1.52 3.32 
22.69 
9.19 
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Table 25b. Estimated genetic change in income over feed costs for one-
and two-stage selection (Q and R pooled) 
Selection Procedure i I AIOFC 
One-stage I^: BW, EM, FC 
Ig: BW, EM, rg 
I4: BW, EM 
Two-stage Stage 1 Ig: BW, EM, r^ 
Stage 2 Ig: BW, EM, FC 
Stage 1 Ig: BW, EM, r^ 
Stage 2 Ig: FC 
2 . 0  
2 . 0  
2 . 0  
1.0 
1.52 
1.0  
1.52 
22.04 
22.01 
31.81 
22.01 
12.21 
22.01 
1.93 
44.08 
44.02 
37.56 
40.57 
24.94 
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Table 26. Relative efficiency of one- and two-stage index selection 
% Gain Relative to One-Stage I 
Selection Procedure A Pooled 
One-Stage : BW, EM, FC 
Ig: BW, EM, rg 
I4: BW, EM 
Two-Stage Stage 1 Ig: BW, EM, r^ 
Stage 2 Ig: BW, EM, FC 
Stage 1 Ig: BW, EM, r^ 
Stage 2 Ig: FC 
128 
123 
100 
120 
75 
115 
111 
100 
107 
90 
117 
117 
100 
108 
66 
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DISCUSSION 
Residual Component of Feed Consumption 
The purpose of this study was to reexamine the question of gain in 
efficiency of feed utilization for egg production that could accrue from 
collecting individual feed consumption records in a breeding program. 
Arboleda ^  al_. (1976a,b) estimated the heritability of the residual 
component of feed consumption using individual feed consumption records 
and then compared the relative efficiency of selection indexes with and 
without input from information on feed consumption. Unfortunately, an 
outbreak of Marek's disease reduced the number of birds tested and may 
have biased the parameters estimated in that study. It became clear that 
a much larger volume of data would be needed to obtain reliable parameter 
estimates from individual feed consumption records. Consequently, such 
records were collected over a four year period to investigate its impor­
tance in breeding for efficiency of egg production. 
The residual component of feed consumption has been defined as feed 
consumption statistically adjusted for body weight and egg mass output. 
The relationship between feed efficiency and the residual component of 
feed consumption can be visualized from a response plane. The partial 
regression coefficients of feed consumption on body weight and egg mass 
from analysis of covariance for pooled Leghorn populations, Q and R, were 
used to construct the response plane depicted in Figure 1. This plane 
represents one of a family of parallel planes each of which has a dif­
ferent intercept corresponding to the line-year subclass to which it 
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Figure 1. Response plane 
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belongs. If observed feed consumption is located above the appropriate 
response surface, that particular hen has a positive residual, i.e., it 
requires more feed to maintain its body weight and level of egg mass pro­
duction than expected. Hence, this individual is less efficient in uti­
lizing the feed it consumed. On the other hand, if observed feed con­
sumption for a hen lies below the appropriate response plane, it has a 
negative residual and is more efficient in using feed for production and 
maintenance. 
Heritability estimates from the sire component of variance for the 
residual component of feed consumption of 0.292 and 0.154 estimated from 
the Q and R populations fall between those reported by Hagger and Abplanalp 
(1978) and Arboleda et (1976b). These studies also estimated that 
the residual component of feed consumption accounted for 40 to 70 percent 
of the variation in feed consumption. Because of the large variability 
in feed consumption attributable to the residual component and assuming 
that the residual component has moderate heritability, keeping individual 
feed consumption records should enhance the genetic improvement of effi­
ciency of feed utilization for egg production. 
Chickens consume feed primarily to meet their energy requirement. 
A schematic representation of utilization of energy by chickens is pre­
sented in Figure 2. Because energy required for production can be esti­
mated from egg mass and energy required for maintenance can be estimated 
from body weight, the energy in feed consumed which is not used to pro­
duce egg mass or for body weight maintenance would enter into the residual 
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Figure 2. Utilization of energy by chickens 
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component of feed consumption. 
One component of residual feed consumption stems from feed wasted 
at the hopper. Because it was not measured in this study, no direct 
evidence on feed wastage could be obtained. Individual feeders were 
placed directly in the feed trough so that most feed billed out of the 
feeders landed in the trough and could be weighed back. Nevertheless, the 
possibility of a "psychogenetic" effect governing feed wastage cannot be 
ruled out. Biased feed consumption could result from neighboring hens 
eating out of the wrong feeder. After repeated observations by the author, 
bias from this source seemed to be negligible. 
A second factor which contributes to the residual component of feed 
consumption is the digestability of feed. Digestion entails physical 
and chemical processes in the gastrointestinal (GI) tract which results in 
breaking down complex compounds in feed into smaller molecules that can 
be absorbed and used by the hen. Thus, physical characteristics of the 
GI tract, i.e., size, weight, or rate of food passage, as well as levels 
of hormones or digestive enzymes could influence digestibility of feed. 
Dror et a2.. (1977) presented evidence that the relative weights of 
the pancreas, heart, cerebrum, and cerebellum were greater in light weight 
crossbreds (New Hampshire x White Leghorn) than in a heavy breed (White 
Rock) at 21 days of age. The relative weights of the GI tracts were 
similar, but the duodenum and jejenum were greater in the crossbreds 
whereas the ileum and cecum, where most absorption occurs, were heavier 
in the heavy breed. 
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Cherry and Siegel (1978) examined the weight of the GI tract and 
rate of feed passage in two lines of White Plymouth Rocks selected 
bidirectionally for eight-week body weight. Weight of the GI tract, crop, 
gizzard, and duodenum were significantly lower for the high weight line 
(HW) male chicks at eight weeks than low weight line (LW) expressed as a 
percentage of body weight. The relative weight of the proventricuius and 
intestine in male chicks was not significantly different. In female 
chicks, the relative weight of the duodenum was significantly less in HW 
than LW. Following administration of ferric oxide (FegOg), the time of 
first appearance and disappearance of the marker in excreta was used to 
determine rate of passage and clearance rate. In male chicks from LW, 
FegOg appeared significantly sooner and disappeared significantly later 
than in HW. In female chicks from the LW line, FegOg disappeared signifi­
cantly later which resulted in a significantly longer clearance rate. 
Previously, the authors demonstrated that HW birds had significantly 
better feed efficiency than LW birds. 
Thus, genetic differences between breeds and lines exist for relative 
weights of organs involved in secretion of digestive enzymes and nutrient 
absorption. Furthermore, lines with different feed efficiency exhibit 
differences in rate of passage of feed through the GI tract. 
A third factor which can influence the residual component of feed 
consumption is energy loss in urine production. The biochemical 
processes involved in production of urine are negligible provided 
that a balanced diet is fed. However, there could be a genetic 
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basis for the presence or absence of enzyme activity involved in bio­
chemical pathways. 
Heat increment is the fourth factor that may contribute to the 
residual component of feed consumption. The amount of energy lost in 
metabolism of nutrients depends on the basal metabolic rate. Morrison 
and Leeson (1979) classified birds as efficient or as inefficient but 
otherwise with similar body weights, egg production and egg size; the 
latter, however, produced significantly more heat per unit of metabolic 
body size when placed in an open circuit calorimeter. Thus, the 
genetic difference in metabolic rate could influence efficiency of feed 
use for egg production. 
Part of the net energy available to the chicken is used for physical 
activity. Nervousness, which may, in part, be under genetic control, 
influences physical activity. Aggressive or agonistic behavior may also 
influence physical activity. In this study aggression, as related to 
social order, would seemingly be of minor importance because birds were 
housed in individual cages. 
In sumnary, genetic factors which might contribute to the residual 
component of feed consumption include feeding behavior and nervousness, 
levels of digestive enzymes and hormones, rate of feed passage, and 
metabolic rate. 
Selection Indexes and Feed Efficiency 
When two or more traits are selected simultaneously in a breeding 
program, a selection index is more efficient than either tandom selection 
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or independent culling levels (Cunningham, 1969a). The index is the best 
estimate of an individual's true breeding value (H) because the index 
maximizes r^^, the correlation between H and the index (I), maximizes the 
probability of correctly ranking the candidates on their true breeding 
values, maximizes genetic progress through selection, and minimizes the 
mean squared difference, E(I-H) , between true breeding value and the 
index. 
Several assumptions are made in the construction and use of selection 
indexes. Relative economic weights must be known without error and should 
not change over time. In this study, the economic values used were based 
on current prices. However, feed and egg prices and revenue paid for 
spent hens by processors are subject to fluctuation. Thus, economic 
values used in selection indexes should be revised to accommodate price 
changes. Pease et al- (1967) showed than an error of up to -50 percent 
in the economic value of any one trait in a seven-trait index reduced the 
efficiency of the index by less than 2 percent, and errors of up to -100 
percent reduced the efficiency by 10 percent at most. 
In the selection indexes used in 1978 and 1979 of this study, the 
economic values for feed consumption and egg mass were underestimated by 
a multiplicative factor of 280. Consequently, r^ decreased from .786 
using incorrect weights to .367 and total genetic gain in income over 
feed costs increased from 2.67 cents to 15.42 cents for one standard 
deviation of selection on I^. Similarly, r^ declined from .776 to .454 
and total genetic gain in net income increased from 2.70 cents to 21.54 
100 
cents for one standard deviation of selection on I2. Apparently, only 
extreme inaccuracy in formulating economic values seriously biases the 
selection index. 
The relative economic weights must also remain constant over the 
range of variation observed for each trait. North (1980) showed that 
over a range of egg prices, the relationship between income and egg mass 
is linear when egg mass ranged from 34-51 g/day. Because both feed and 
body weight of spent hens are measured on a per pound basis, their rela­
tive economic weights are linear. Seemingly, the assumption concerning 
economic values is not violated in the indexes used in this study. 
Both index values and true breeding values are assumed to be normally 
distributed. This may not hold for traits which have undergone long-term 
intense selection. In this case there may be overestimation of expected 
gain from selection on the index. Because the populations involved in 
this study have not been subject to intense selection for any traits in 
the index, the assumption of normal distribution is not seriously violated. 
Finally, the phenotypic and genetic parameters are assumed to be 
known without error. From a Monte Carlo study, Heidhues and Henderson 
(1962) showed that poor parameter estimation could seriously reduce the 
accuracy of the index, particularly when the heritabilities of the traits 
in the index are high. Harris (1964), in a Monte Carlo study involving a 
two-trait selection index, with heritabilities of 0.2 for each trait, con­
cluded that at least 1000 observations are needed to reliably estimate 
variances and covariances from paternal half-sib data. Pease et al_, (1967) 
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examined the effect of errors in parameter estimates in a seven-trait 
index. Their findings showed that errors in heritability estimates have 
a small effect, but errors in correlations are more serious. Furthermore, 
the errors in different parameters appear to be cumulative in their 
effects on a selection index. Williams (1962) suggested that if variances 
and covariances are poorly estimated, a "base index," should be used in 
which the economic values (a's) are used directly as weighing coefficients 
(b values) in the index. 
The size of the standard errors of the parameters used in this study 
suggests that the genetic variances and covariances are estimated with 
some degree of uncertainty. Additional errors in parameters could arise 
from the limited period (4 weeks) to collect data on individual feed 
consumption and egg mass output. 
Even though the basic assumptions involved in constructing and using 
selection indexes are met, Williams (1962) theoretically showed that total 
genetic gain from truncation on index values is over-estimated. Harris 
(1964) also concluded that there was a tendency to over-estimate 
total genetic gain from a particular index. However, this should not 
affect the comparison of the relative efficiencies of different selection 
indexes. 
In order to ascertain the additional genetic gain in efficiency of 
feed utilization for egg; production attributable to information on indi­
vidual feed consumption, the genetic gain in income over feed costs for 
various selection indexes was compared. This approach has advantages over 
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selecting on feed efficiency expressed as the ratio of egg mass to feed 
consumption or selecting on residuals that have been discussed previously. 
Comparing the total genetic gain in income over feed costs for indexes 
and provides insight into the importance of including information on 
feed consumption in both the P and G matrices, whereas comparing Ig and 
is an estimate of the value of including feed consumption information 
in G only. The 28 percent increase in income over feed costs in over 
for Q and the corresponding increase of 15 percent for R indicates 
that measuring feed consumption enhances profitability in egg laying 
flocks. However, estimates of a 23 percent increase in Q and an 11 per­
cent increase in R in income over feed costs are obtained by using feed 
consumption information in the G matrix only, provided that reliable a^ 
priori estimates of genetic covariances of feed consumption with egg mass 
and body weight are used. 
Gjedrem (1972) pointed out that all economically important traits 
should be included in defining true breeding value to maximize total 
genetic gain. The estimates of genetic covariances of feed consumption 
with body weight and egg mass for Q and R pooled from this study could 
be used in other flocks to enhance profitability without accruing the 
additional expense encountered in measuring individual feed consumption. 
Alternatively, individual feed consumption could be measured once only to 
estimate parameters for subsequent use in index Ig. 
Several primary breeders market egg-laying type chickens which are 
2 2 2 2 Strain crosses. For index I-j, hg > hp in Q, but hg < hp in R and in Q 
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and R ,  pooled. Thus, the importance of dominance variance, and ultimately 
heterosis for index selection, remains uncertain. In the future, crosses 
of lines A1 or A2 with lines CI or C2 could be compared with pure line 
stock to resolve this uncertainty. Furthermore, the low estimate of 
heritability of index suggests that family selection on index values 
could provide additional genetic gains within pure lines. 
Inbred-hybrid egg-type chickens are also marketed by commercial 
breeding organizations. Inbreeding reduces genetic variance within lines 
and increases genetic variance between lines. This suggests that a 
selection index should be reevaluated periodically as inbreeding pro­
gresses. In the case of inbred hybrids, heterosis for index performance 
must also be considered. 
In underdeveloped countries, feedstuffs for poultry are limited. 
In this case a selection index which restricts genetic change in feed 
consumption to zero may be appropriate. On the other hand, if a restricted 
index is used with zero genetic change in one trait, total genetic gain 
in the index will be reduced. In this study index Ig was inferior to 
index I^ for the R population. In the Q population, this was reversed. 
It seems that restricted indexes are quite sensitive to population dif­
ferences in parameter estimates. 
In a single generation test with 14 replicates, Garwood et al_. (1978) 
reported that predicted and realized responses for index values were in 
close agreement when averaged over replicates. Furthermore, there was no 
significant change in the trait that was restricted to zero genetic 
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change when averaged over replicates. However, the significant group x 
replicate interaction for the trait restricted to zero genetic change 
indicated the importance of genetic drift in interpreting the effective­
ness of restricting genetic change in a trait. Nevertheless, given 
adequate replication, restricted index selection can be used effectively. 
2-Stage Selection and Feed Efficiency 
Commercial poultry breeding companies have been reluctant to collect 
records on individual bird feed consumption because of the additional 
expense involved. However, measuring feed consumption on a limited 
number of individuals previously selected on other performance traits may 
be a feasible alternative. Feed consumption information on these indi­
viduals could then be used at a second stage of selection. For example, 
in the present experiments, selection at the first stage could be based 
on an index that maximized income over feed costs with input limited 
to body weight and egg mass. A second stage index could then be used 
with input from body weight, egg mass, and feed consumption which again 
maximizes income over feed costs. 
Cunningham (1975) pointed out that calculation of a selection index 
does not depend on the multivariate distribution of the traits involved, 
but calculation of the effects of selection on the index at the first 
stage is distribution dependent. Furthermore, the estimated gain from 
the second stage of selection will tend to be overestimated because the 
selection differential is overestimated because of departure from normality. 
On the basis of this study, two-stage selection is expected to increase 
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income over feed costs by 20% in Q and 7% in R compared to one-stage 
selection with individual feed consumption omitted. However, including 
individual feed consumption on all birds in a one-stage selection index 
is expected to increase income over feed costs by an additional 8% in Q 
and R. 
Results of this study suggest that the residual component of feed 
consumption is in part under genetic control. This variation can be most 
effectively used by incorporating information on body weight, egg mass, 
output and feed consumption into a selection index which maximizes in­
come over feed costs. Commercial breeders could measure individual feed 
consumption on a large scale once and use derived parameter estimates to 
set up an index which maximizes income over feed costs with input only 
from body weight and egg mass output. If facilities restrict the number 
of birds which could be fed individually, a pre-selected fraction of all 
birds could be tested, and two-stage index selection could be used to 
increase income over feed costs. 
Cunningham (1975) showed that the weighting coefficients (b values) 
for two selection indexes with input from the same variables used for one-
stage and two-stage selection are identical. Furthermore, the total 
genetic gain from the same index used at stage one or stage two depends 
on the variance of the index, so that selection at stage one reduces the 
variances and covariances in the P matrix and ultimately the variance of 
the stage two index. Thus, the relative superiority of one-stage selec­
tion to two-stage selection depends on the selection pressure at stage 
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one. Commercially, the number of birds fed individually should be as 
large as possible. 
Retrospect Selection and Feed Efficiency 
The expected genetic gain in income over feed costs can be further 
enhanced by using the individual records on feed consumption (FC2), body 
weight (BW2), and egg mass output (EM2) collected during the second feeding 
period in this study. If facilities are available to house 1200 birds at 
20 weeks of age, 1200 female chicks can be hatched and reared. At 
housing, 1000 of 1200 birds (83.3%) can be housed for testing based on 
performance of their dams in the second feeding period. Thus, additional 
selection pressure can be applied without increasing generation interval. 
A selection index, 
I = b^BWl + bgEMl + bgFCl + b^B'\ii2 + bEM2 + bgEM2 + bgFC2, 
which maximizes the correlation between I and H, can be used for selection 
"in retrospect." The P and G matrices used in these normal equations for 
Q and R are found in the Appendix. The 1000 pullets housed will be subse­
quently selected on the basis of a selection index (I^) with input from 
body weight (BW2), egg mass output (EMI), and feed consumption (FCl) from 
the first feeding period. 
Truncation selection of the top 1000 or 1200 pullets based on I for 
their dams in conjunction with truncation selection of the top 38% of 1000 
pullets based on their 1^ performance is expected to increase income over 
feed costs by 36 percent in Q and 33 percent in R compared to merely 
selecting the top 38% of 1000 pullets based on I^. The expected additional 
genetic gain depends on p, the proportion of female chicks hatched that are 
housed for performance testing. 
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The concept of selection in retrospect can be applied to commercial 
poultry breeding programs if information is available on part and total 
records for rate of lay, egg weight, body weight, shell quality, or 
other economically important traits. 
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SUMMARY 
Because of the additional expense in collecting individual feed 
records on a large number of birds, feed consumption has been omitted in 
breeding programs designed to increase efficiency of egg production. 
Alternatively, breeders have improved efficiency of egg production by 
selecting for more eggs, larger eggs, reduced mature body weight, and 
better viability. 
The primary objective of this study was to reevaluate the genetic 
gain in efficiency of egg production that could accrue from collecting 
individual feed consumption records in a breeding program. Over a four 
year period, 4909 individual records on feed consumption, body weight, and 
egg mass output were collected from two pedigreed populations, Q and R, 
of Single Comb White Leghorns for estimating genetic and phenotypic 
parameters. 
The residual component of feed consumption, defined as feed consump­
tion statistically adjusted for body weight and egg mass output, was 
moderately heritable (hg = .29 for Q and hg = .15 for R). Theoretically, 
the residual component of feed consumption might be determined by genetic 
differences in feeding behavior, nervousness, levels of digestive enzymes 
and hormones, rate of feed passage, and metabolic rate. 
The residual component of feed consumption can be used most effec­
tively by incorporating information on body weight, egg mass output, and 
feed consumption into a selection index which maximizes income over feed 
costs. This index is expected to increase income over feed costs by 28 
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percent in Q and 15 percent in R, compared to an index with feed con­
sumption omitted, for truncation selection of the top 38 percent of the 
population. Using a priori estimates of the genetic correlations of 
feed consumption with body weight and egg mass in a selection index with 
input from body weight and egg mass output is expected to increase 
income over feed costs by 23 percent in Q and 11 percent in R compared to 
an index which omits these correlations. Thus, measuring individual feed 
consumption commercially may be a "one shot deal", the goal of which is 
to estimate these correlations. 
Cost of measuring individual feed consumption or availability of 
facilities may restrict the number of birds that can be tested by commer­
cial breeders. In this case, an index with information from body weight, 
egg mass output, and estimates of the genetic correlations of feed con­
sumption with body weight and egg mass can be used to select the top 
individuals at stage one. Individual feed consumption records on these 
birds can be used in a stage two selection index which uses records on 
body weight, egg mass output, and feed consumption. Two-stage selection 
is expected to increase income over feed costs by 20 percent in Q and 
7 percent in R as compared to one-stage selection on an index that 
ignores feed consumption for a final selection intensity from truncation 
of 6 percent for both methods. 
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Table Al. P and G matrix for Q 
BWl EMl FCl BW2 EM2 FC2 
P = 
G = 
BWl 
EMl 
FCl 
BW2 
EM2 
FC2 
BWl 
EMl 
FCl 
BW2 
EM2 
FC2 
28,678 
201.6 
1,008 
27,556 
151.5 
1,002 
20,276 
177.5 
646.9 
23,320 
125.7 
924.2 
201.6 
32.1 
29.9 
214.6 
16.5 
17.8 
177.5 
9.48 
14.6 
167.3 
6.70 
8.52 
1008 
29.9 
122.5 
1064 
21.4 
68.2 
646.9 
14.6 
41.1 
738.7 
10.0 
43.9 
27,556 
214.6 
1,064 
38,730 
186.9 
1,235 
151.5 
16.5 
21.4 
186.9 
48.0 
28.9 
1002 
17.8 
68.2 
1235 
28.9 
134.0 
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Table A2. P and G matrix for R 
BWl EMl FCl BW2 EM2 FC2 
BWl 33,933 273.2 1321 33,307 100.6 943.6 
EMl 273.2 31.1 31.4 240.5 17.9 16.4 
FCl 1,321 31.4 138.0 1,321 18.9 69.5 
BW2 33,307 240.5 1321 49,082 91.6 1149 
EM2 100.6 16.4 69.5 1149 28.0 130.9 
BWl 16,834 48.9 604.4 
EMl 48.9 7.88 11.2 
FCl 604.4 11.2 48.5 
BW2 18,501 10.7 598.0 
EM2 7.78 8.91 6.34 
FC2 422.8 3.23 30.3 
